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FOREWORD

Sikorsky Aircraft, a Division of United Aircraft Corporation, has con-
ducted a study entitled "Conceptusl Design Study of 1985 Commercial Trans-
ports That Utilize Rotors," under Contract NAS2-8079 from the National Aero-
nautics and Space Administration, Ames facility. The study was conducted
between February and August, 1974. NASA technical representatives were
Mr. Gary Churchill and Mr. Demo Giulianetti. The authors wish to acknowledge
their assistance as well as that provided by the following Sikorsky personnel
in the disciplines indicated:

. C. Hansen Handling Qualities
. K. Unsworth Mass Properties
. A. Schmidt Performance

J. W. Jones Economics

A. C. Whyte Aircraft Design

R. W. Beckert Aircraft Design

The results of the study are presented herein as Volume I of two volumes.
Volume II, NASA report CR-137598, contains the techniral substantiation for
these results.



SUMMARY

The objective of this study was to design the largust size helicopter and
compound commercial transports that would be feasible and practical if fab-
rication would begin in 1980, to a maximum of 100-passenger capacity, as
constrained by an external noise restraint to be evaluated. The effect of a
variation of this noise restraint on the design and operation of these aircraft
was then assessed. Handling qualities, payload, and mission capability vere
similar throughout.

The selected external noise criterion was 95 PNdB at a 150-meter (500 foot)
sideline in hover on a sea level 32.2-degree C (Ju-degree F) dsy. Payload was
set at the study guideline maximum of 100 passengers, considered feasible and
practicel in terms of size for the defined timeframe of initial fabrication in
1980. Baseline optimization was generally achieved by minimizing direct opera-
tion cost (DOC},using the Aerospace Industries Associates (AIA) cost model,
over a 370-kilometer (200-nautical mile) stagelength.

A twenty-five percent saving in structural weight from current state-of-
the-art trending was assumed, representative of the use of composite materials.
It was also assumed that current knowledge in noise reduction techniques for
main rotors can be applied to tail rotors. A 5 4B reduction in external noise
signature for a given turboshaft engine size was assumed for improvement in
compressor design techniques, within the prescribed timefranme.

The most significant result was that the helicopter achieves the noise
limit goal with no compromise to optimum selection of rotor parameters. The
compound, when constrained by study guidelines of constant rotor geometry, is
compromised in that the low blade twist and low blade area desirable for high
speed flight are not consistent with low noise in hover. Helicopter DOC was
4% lower than that of the compound and showed smaller increases at reduced
range. Helicopter gross weight was 26,371 kilograms (58,137 pounds), cruise
speed 89 meters/second (173 knots). Compound gross weight was 34,440 kilo-
grams (75,926 pounds), cruise speed 128.6 meters/second (250 knots). From
examination of DOC and noise sensitivities around the baseline, it was possible
to select rotor parameters to achieve the 5 PNAB members of the two families,
considering minimum change to DOC. The quiet helicopter was achieved through
reduction in rotor tip speeds and the adoption of twin low-disc-loading tail
rotors, for 4% increase in DOC. The quiet compound was achieved through re-
duction in rotor tip speeds and adoption of a fan-in-fin in place of a conven-
tional tail rotor, for 6% increase in DOC. PNL contours during s take-off
procedure show somewhat greater enclosed areas at a given noise level for the
compound than for the helicopter. This is primarily because the compound must
follow a flatter take-off profile than the helicopter, using auxiliary pro-
pulsion to avoid negative wing 1lift and/or high vertical drag penalties.

The results of this study are expected to form part of a general broad-
based analysis of all VTOL concepts. The baseline DOCs of 1.973 cents per
seat kilometer (3.17L cents per seat statute mile) for the helicopter and
2.051 cents per seat kilometer (3.30 cents per seat statute mile) for the
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compound are about 20% above those for current fixed wing shorthaul commercial
aircraft of similar size. However, through use of small city-center V-ports,
the VIOL aircraft offers the business traveler substantial reduction in access
cost and time, and will divert air traffic from congested CTOL facilities. In
suburban localities, the VTOL machine presents the opportunity to move more
people per unit time per unit of terminal area than either fTOL or STOL air-
craft, because many simultsneous landing and take-off operations can take place.
This independence from prescribed runways eliminates the problems of traffic
holding, either on the ground or in the air, typical of today's CTOL airports.
The VTOL aircraft, therefore, represents a competitive and highly marketable
mode of transportation when compared with existing inter-city systems.

HELICOPTER

COMPOUND

GROSS WEIGHT, kg
WEIGHT EMPTY, kg
PASSENGERS

ROTOR DINMETER, =
FOTOR DISC LOADING, kg/w?
INSTALLED POWER, mhp
WING LOADISG, kg/»2
V CRUISE, M/sec
CRUISE ALTITUDE, m
AUX.PROP.

FLIGHT CONTROLS
BODY STYLE

HOVER TIPSPEED, m/sec

EXTERNAL NOISE, PBAB
(150-meter sideline)

INTERWAL NOISE, PSIL
95 :gas PIOTPRINT AREA,

TAKEOFY
LANDING

BLOCK FURL, kg

BLOCK TIME, hr

DOC, ¢/seat kam:
370 ka (200 n.a.)
70 xm (KOO n.m.},
pass,

26371 (58,137 1v)
15592 (3k,374 1b)
100

28.1 (92.2 1t)
k1.5 (8.5 pst)
10753 (10,605 np)
89 (173 kt)

1219 (4000 rt)
FLY~BY-WIRE

6 - ASREAST
SINGLE AISLE

222.5 (730 2ps)
93.5

10

.195 (.075 sqg. mi)
.163 (.063 sq. mi)
15hk (304 1p)
1.331

1.973 (3.174¢/seat mile}
2.153 (3.46k¢/sent mile),

83

3Lbko (75,926 1v)
22482 (49,564 1b)
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26.5 (88.k rt)
58.7 (12 pat)
22287 (21,919 np)
418 (85.5 pat)
129 (250 kt)
L4267 (14000 rt)
PROP-FARS
FLY-BY-WIRE

6 - ABREAST
SINGLE AISLE

210.3 (690 fps)
95

T0

.b05 (.156 sg. mi)
.227 (.088 sq. mi)
LM (5379 1b)
.958

2.051 (3.30 ¢/sent mi)
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Conponent of forward speed along the fuselage, y-axis, m/sec
Component of forward .peed slong the fuselage, z-axis, m/sec
Ratio of fuselage/propulsor clearance to propulsor diameter
Mein rotor shaft incidence angle, degrees

Body u#ideslip angle, degrees

Rotnr blade pitch-flap coupling angle, degrees

Damping retic

Mass density of air

Rotor solidity ratio, be/wR

Fuselage pitch angle, degrees

Fuselage pitch rate, degrees/sec

Main rotor blade coliective pitch at the center of rotution
Tail rotor blade pitch at .T5R

Fuselage roll attitude

Fuselage yaw attitude

Rotor angular velocity

Rotor tipspeed ratio 0/Q

Rotor angular velocity et desiga speed

Undamped natural frequency
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1.0 INTRODUCTION

A VIOL air transportation system operating into the demand centers of air
travel offers a possible solution for the problem of choked air facilities.
With its excellent maneuverability at low speeds and its ability to hover, a
VIOL aircraft can use small city-center V-ports, thereby promising reduction
of access cost and time for passengers and diversion of air traffic from con-
gested CTOL airports. It also enables more effective use of suburban facili-
ties because of accelerated passenger rate per unit time per unit of terrain
area used, and freedom from prolonged traffic holdings. Such a system will
offer the airline a city-to-city network with passenger appeal superior to that
of the equivalent CTOL system. The primary advantage of t:.e VIOL system is
reduced trip time, vhich is of predominant importance to business travelers.

To enable meaningful comparison of competitive VTOL concepts, it is
desirable that each should represent reasonable techmological goals to be
achieved in a given timeframe, and that each should reflect equivalent tech-
nology advance from the current state of the art. For transportation systems,
operational costs generally decrease with vehicle size, or passenger payload.
Establishment, then, of the maximum viable size of each concept techn-logically
feasible within the given timeframe has a fundamental bearing on the results
of a transportation systems study. The primary objective of this study was to
perform a conceptual design of helicopter (Figure 1-1) and compound helicopter
(Figure 1-2) transports, of a size considered technologically feasible for
initial fabrication in 1980.

Previous general VTOL transportation system studies have analyzed route
structures and compared the operational economics of each concept, but have
tended to ignore the enviromment effects cf external noise. Yet noise level
is a primary concern to VIOL operators in downtown areas. Containment of
noise within acceptatle limits will dictate selection of 1lift and propulsion
system components and may require special powerplant noise suppression equip-
ment and constraints on operational techniques. It is essential, therefore,
to assess the effects of noise level regulations on commercial VTOL aircraft
design. A meaningful noise limit criterion must be established to assure that
the aircraft is not unduly compromised by the designer in attempting to con-
form w:th an overly rigorous or unrepresentative regulation. An initial task
in this study was the selection of such an external noise restraint as a
design groundrule for the subsequent study.

The secondary objec.ive of this study was to parametrically determine the
effect of a selected noise criterion on helicopter and compound designs, in
particular on aircraft gross weight, performance, direct operating cost and
technical risk. Families of these two VIOL aircraft were derived, each con-
sisting of a baseline design plus two designs constrained by noise levels
above and below the selected noise criterion, but otherwise offering the same
handling qualities, psyload, and mission capability. 1In addition, compliance
with the community acceptance criteria established in a recently completed
study by Sikorsky for NASA/Langley, Reference 1, was mssessed.
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2.0 DESIGN GUIDELINES AND ASSUMPTIONS

For each VIOL concept, a related family of three aircraft was required,
each designed to a different external noise limit level. To facilitate iden-
tification of each design, the following nomenclature was adopted:

Configuration:

H - Helicopter
C - Compound

Qualifier:

B - Baseline
Q - Quiet
N - Noisy

The level of effort expended in performing the sensitivity and trade-off por-
tions of the stvily (QH, NH, QC, and NC designs) was approximately equal to the
effort expended in determining the BH and BC designs. Thus the baseline air-
craft are defined in greater detail than the other members of each related
family. The study sequence is summarized as follows:

. review study guidelines (Reference 2)

. assess technological risk as a function of aircraft size
(payload volume)

. establish acoustic analysis methodology

. derive BH and BC designs as required to minimize DOC, and
establish sensitivity of DOC to changes 'in major design parameters

. establish baseline external noise levels and sensitivity of noise
level to major design par=ineters

. adjust BH and BC designs, as appropriate, to achieve baseline
noise goals at minimum possible DOC

. 2lect sets of rotor parameters as predicted from DOC and noise
sensitivity analysis, in order to achieve QH, NH, QC, and NC
designs with minimum DOC for these particular noise criteria

The primary study guidelines are listed in Figure 2-1. The first con-
sideration for deriving the baseline aircraft was to minimize Direct Operating
Cost (DOC). The selected baseline external noise limit at a 150 meter (500
foo.) sideline was 95 PNdAB. This is appropriate because (1) it has been sug-
gested as a possible certification level, and (2) it enables compliance with
the community acceptance criteria at most typical heliport locations considered
for the studies recently completed under contract from NASA/Langley, Reference
(1). The cabin internal speech interference level in cruise of 70dB PSIL is
consistent with current fixed-wing Jet design practice. The guideline of
fixed rotor geometry precluded consideration of variable twist and variable
diameter compound concepts in this study. (It is believed that either of these
innovations could significantly reduce compound DOC, because they provide



compatibility of hover performance and low noise requirements with low rotor
drag characteristies in cruise flight.) Primary assumptions are listed in

Figure

2-2,

PASSENGERS 100 MAXIMUM
STAGELENGTH 200 N.M.

V CRUISE MINIMUM DOC #

HOVER OUT OF GROUND EFFECT,

INITIAL FABRICATION

EXTERNAL NOISE
INTERNAL KOISE

ONE ENGINE INOPERATIVE,
€ SEA LEVEL 32.2°C(90°F)
1980 (INTRODUCTION TO
SERVICE IN 1985)

95 PNAB 500~-ft SIDELINE
70 PSIL IN CRUISE

CABIN VIBRATION .05 g
ROTOR FIXED GEOMETRY
AIRCRAFT OPTIMIZATION MINIMUM DOC
CRUISE ALTITUTZ MINIMUM DOC

* OR OTHER CONSIDERATION AS APPROPRIATE

FIGURE 2-1. PRIMARY DESIGN GUIDELINES

WEIGHTS:
25% OF STRUCTURAL WEIGHT SAVING THROUGH USE OF COMPOSITE
MATERTALS

PERFORMANCE :
. HELICOPTER ROTOR PERFORMANCE TRENDED FROM YUH-60A UTTAS
DESIGN POINT - EXTRAPOLATED INTO HIGH SPEED COMPOUND REGIME
BY GENERALIZED ROTOR PERFORMANCE (GRP) METHOD (REFERENCES L AND 5)
. ENGINE PERFORMANCE ARD HP/LB BASED ON ALLISON 501-M62
. HAMILTON STANDanp Q-FAN AND OPTIMIZED PROPELLER DATA

ENUNUMICS :
AIA COST MODEL (SEE FIGURE 2-4)

EQUIPMENT:
. AS FOR EASTERN AIRLINES NORTH-EAST CORRIDOR STUDY (REFERENCE 6)

ACOUSTICS:
. 10 dB INTERNAL KOISE REDUCTION FROM TRANSMISSION ISOLATION
. TATL ROTOR NOISE REDUCTION FOLLOWS CURRENT MAIN ROTOR TRENDS

FIGURE 2-2. PRIMARY DESIGN ASSUMPTIONS



2.1 Mission and Economics

Figure 2-3 shows the helicopter and compound mission profiles and cruise
altitudes selected for the baseline designs. Distances traveled during
acceleration, climb, and descent are credited toward the 370 kilometer (200
nautical mile) stagelength. Climb and descent rates were limited to 2.54 m/sec
(500 fpm) and 1.52 m/sec (300 fpm) for the helicopter, for which the cabin is
not pressurized.

NASA HELICOPTER MISSION

CRUISE
1219M(4000)5TD

cLIMB
4 MiN
MANEUV.
/2NN
o™ TacceL, RESERVE: 20 MIN LOITER, 1219M(40001ST0 +
TAXI  TAKE-OFF 172 miN 92 6KMISONM) , 1219M(4000) STD
IMIN V2 MIN
S L 32 2°C{90°F) | IP0KM(200 N. MILES)—
HELIPORT

A 1SS!
CRUISE
4267M(14,000)STD

ACCEL. RESERVE: 20MIN LOITER, 1524 M(50001STD +
TAXI TAKE-OFF | /2 MIN 92 6 KM(50N.M/ , 1524 M(50001STD
(MIN 172 MIN
SL 322°C(90°F)
HELIPORT 1= 370KM200 N. MILES)

FIGURE 2-3., HELICOPTER AND COMPOUND MISSION PROFILES

The A:rospace Industries Associates (AIA) cost model was used to compute
DOC. This method for evaluating direct operating cost (Reference (3)) was
developed in 1968 by Aerospace Industry representatives with coordination by
the Vertical Lift Aircraft Council of the Aerospace Industries Association, Inc,
Where appropriate, other factors, such as fuel economy, vehicle productivity,
or design feasibility, were used in preference to the sbsolute minimum DOC
point. Figure 2-lL shows the assumptions made for input to the AIA cost model.
Airframe price and vehicle utilization rate were trended from the baseline
values shown,



YEAR DOLLARS 1974
AVIONICS PRICE ~ $/A/C 250,000
AIRFRAME PRICE - $/LB 110 (TREMDED)
DYNAMIC SYSTEM PRICE - $/LB 8o
ENGINE PRICE - $/RATED SHP 280 (HP‘TBS)
CREW COSTS - $/HR ;gg%a%g .13
FUEL - $/LB .02
OIL - $/LB 1.2k
NONREVENUE FACTOR 2%
LABOR RATE - $/HR 6.0
AIPFTAME LABOR - MH/FH 1.0 AIA
AIRFRAME MATERIAL - $/FH 1.0 AJA
ENGINE LABOR - MH/FH .65 AIA
ZRGINE MATERIAL - $/FH .65 AIA
ENGINE TBO-HR 4500
DYRAMIC SYSTEM LABOR - Mi/FH AIA
DYNAMIC SYSTEM MATERIAL - $/FH AIA
DYNAMIC SYSTEM TBO-HR 3000
MAINTENANCE BURDEN 150% D.RECT uuxxi
DEPRECIATION PEFIOD - YEARS 12
SPARES

AIRFRAME 8

ENGIKES 40

DYNAMIC SYSTEM 25
UTILIZATION - HOURS 2500 {TRENDED)

FIGURE 2-h. ECONOMICS ASSUMPTIORS
2.2 Noise

2.2.1 lnternal Noise

Study guidelines dictate that internal noise is to be no higher than 70 4B
in the Preferred Speech Interference Level (PSIL) throughout the cabin during
cruise, and no more than 75 dB PSIL during taekeoff. These requirements have a
primary effect on aircraft design, necessitating proper transmission acoustic
isolation, cabin wall soundproofing and, in the case of the compound, careful
selection of auxiliary propuision,

Helicopter internal noise in the Speech Interference Level region is
almost exclusively controlled by noise generated by the main transmission.
This occurs at gear meshing frequencies and is primarily pure tone noise. As
yet, the analytical ability to accurately predict transmission nolse hus not



been perfected. However, Figure 2-5 shows how bare cabin PSIL generall; trends
with installed power. For preliminary design purposes this curve, derived from
measured aircraft data, can be used with confidence.

120 ——prrrrr r———yrrry
'
.
i o .
*
g sor [ mmcorom
80~ 4
- PRI STy | " aca A v aald
100 500 1000 5000 10000
INSTALLED POWER, HORSEPOWER

FIGURE 2-5. HELICOPTER BARE CABIN SPEECH INTERFE ZNCE
LEVELS AS A FUNCTION OF INSTALLED POWER

The soundproofing required to meet the specified noise levels must gener-
ally be designed in detail in order to account for all noise sources and to
minimize acoustic leakage. For preliminary design purposes, it is possible to
use a generalized trending curve developed from measured heli_opter noise data.
Figure 2-6 shows this trend based on current (1972) commercial design techniques
and on advanced (1976-1980) technology design techniques. The advanced tech-
nology curve is based on laboratory tests of never materials and techniques.
This includes integral trim and acoustic panels utilizing floating septums in
open cell foams and effective acoustic isolation of all panels from the air-
frame. It is obvious that if PSIL reductions on the order of 30-40 dB are
required, very heavy soundproofing will be necessary.

The required soundproofing weight can be reduced by treating the primary
source of the noise, the main transmission.

Reduction in cabin noise (PSIL) of sbout 23 dB can be achieved by an
accumulation of the following design techniques:

(a) Acoustically phased planetary gear sets (about T dB).
(b) Damping of larger spur and bevel gears (about 6 dB).



(¢) Transmission isolation at acoustic frequencies (about 10 dB).
These methods have been tested in practice, as discussed in References T and 8.
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FIGURE 2-6. COMMERCIAL SOUNDPROOFING EFFICIENCY

2.2.2 External Noise

The selected external .oise design requirement is that the noise level
150 meters (500 feet) to the side of the baseline aircraft should not exceed
95 PNdB. The quiet and noisy designs were to be approximately 5 PNdB quieter
and noisier, respectively. In addition, a comparison was undertaken in this
study of the aircraft noise with community acceptance guidelines developed by
Munch and King in Reference 1. This criterion involves all factors present
in a typical civil operation, such as aircraft noise duration and spectral con-
tent, time of day, type of neighborhood, and number of operations a day.

The assumption is made that 1980 technology components will be available
for the vehicles under consideration. For the turboshaft engines, this means
a noise level approximately 5 PNAB lower than a current engine of comparable
horsepovwer. This assumption is based on the results of the NASA Quiet Engine
Program and the results of a joint DOY-NASA Civil Aviation Research and Develop-
ment Study (CARD study) postulating a reduction of 10 dB a decade in engine



noise. Also, Reference 9 states that modest technology advances are expected
to lower core engine noise by 5 PNAB by 1980.

For rotors, 1980 technology means use of advanced rotor geometry, employ-
ing sophisticated airfoils, special twist distribution, and new tip designs.
Many of these concepts have already been tested, and confidence is high in the
ability to predict their noise accurately.

2.3 Stability and Control

The helicopter and compound helicopters were designed to meet the specific
requirements of Appendix A of Reference ¢ as amended by the guideline review
coordination meeting held at NASA/Ames on February 11 and 12, 19Tk. Reference
10 also was considered consistent with the requirements of Reference 2, quan-
titative dynamic stability and flying qualities analysis were conducted.

2.4 Technology

2,h.1 Size

In order that the results of this study can be used in conjunction with
other VTOL design studies, it is desirable that each design represent com-
parable advances in materials and component size in relation to previously
manufactured hardware. Technological advances must result in products that
can be manufactured at a reasonable cost, on a reasonable schedule, and with
acceptable risk. Component size can be regarded as one facet of technological
advance. Historically, gross weight growth above a factor of about 2.5 times
the largest gross weight aircraft of a similar type previously built has
resulted in significant production overweight above the predicted value. This
has been contributed by unforeseen manufacturing difficulties in fabricating
large pieces of hardware, weight penalties to ovarcome unforeseen development
problems, and additioral fuel because of optimism in predicting forward flight
performance,

The problem is really not one of scaling alone. The larger vehicle might
optimize at a different rotor configuration (different rotor disc loading,
solidity, blade number, blade twist, etc.), perhaps beyond the range of para-
meter combinations for which erperience exists.

Performance and noise requirements dictate that the scaling up in size
mst necessarily occur at a fairly constant blade tip Mach number. For con-
stant disc loading, the square-cube relationship would predict intolerable
increases in rotor and drive system weight. Also, constant disc loading would
impose large penalties on fuselage length and weight, in the case of a single-
rotored or tandem-rotored aircraft. In the case of a side-by-side rotor con-
figuration, the rotor size affects the wing span and weight. It follows then,
that a scaling up of rotorcraft at the same blade tip Mach number requires
higher rotor disc loading. Blade loading is limited by adding blades and/or
by adding chord for the same number of blades (lowering aspect ratio). For
example, in the case of the scaling up from the XH-51A with 3 blades and 1583-
kilogram (3500-1b) gross weight 50 the AH~56A with 4 blades and 8301 kilograms

10



(18,300 1b) gross weight, the rotor diameter was increased from 10.67T m (35 ft)
to 15.61 m (51.2 ft) and the rotor disc loading from 17.57 (3.6) to 43.43 kg/sq m
(8.9 1b/sq ft). This was only possible with a much higher blade solidity ratio.
The resulting much lower blade aspect ratio of the AH-56A was one of the reasons
why the scaled up gyro-control system did not perform as well as in the XH-51A.
As this example shows, a S-to-1 scaling up of the gross weight from a previously
largest rotorcraft of similar configuration will result in radically different
rotor geometry, with as much as twice the blade solidity and rotor disc loading.
This magnifies any problem related to rotor downwssh impingement .

Aeroelastic problems of the scaled-up rotorcraft will be quite different
from those of a much smaller design. Because of the lower blade aspect ratio
or higher blade solidity ratio, the blade Locke numbter will increase. The
nature of any aeroelastic problem varies significantly with blade Locke number.

From the point of view of vibration control, the scaled-up rotorcraft will
operate entirely outside the spectrum of a much smaller rotorcraft design.
The rotor rpm will be much lower, so that the rotor modes will have corres-~
pondingly lower frequencies. With respect to vibrations, it is exceedingly
difficult to avoid wing resonances over the wide operational rpm range of an
in-flight variable rpm rotor system.

The CH-53E, with a 24.08-meter (79-foot) rotor diameter and 11509 metric
horsepower (11,350 horsepower) gearbox, has already flown at more than 31,750
kilograms (70,000 pounds) gross weight. It was therefore considered that the
commercial helicopter payload size should be the 100-passenger limit imposed
by the study groundrules, with 1little or no technical risk. For the compound,
the implications of a 34,000-kilogram (75,000 pound) aircraft were not as well
defined. Although the compound does not include any single innovative 1lift
system element, the wing/rotor combination has been operated at high speed only
on & relatively small prototype aircraft, such as the 8618-kilogram (19,000~
pound) NH-3. By 1976, the Rotor Systems Research Aircraft (RSRA) will be
flying as a 13,154-kilogram (29,000-pound) compound helicopter, providing =a
thorough understanding of compound flight up to 300 kanots. This aircraft would
provide a scale factor of about 2.6 to a 34,000-kilogram (75,000-pound) 100~
passenger commercial compound, considered a justifiable technology advance with-
out high risk.

Extrapolation of a configuration to larger size is usually possible,
technjcally. That is, no fundamentul laws prevent the development. However,
the larger the extrapolation, the greater the uncertainty of the predicted
weights and performance of the resultant aircraft. Weight penalties for
solving unknown problems cannot be estimated - in fact, in preliminary design
there is a tendency to ignore these penalties,

A statistical method was derived to create a weight empty contingency
function varying with gross weight growth factor. This factor is represen-
tative of the growth, in terms of gross weight, of the conceptual design under
study, compared with the largest aircraft previously built of a similur

11



configuration. The method of Reference 11 was used, based on a large number
of manufactured helicopters. The resulting curve is shown in Figure 2-T.

This relationship, which was added to the weight trending section of the heli-
copter design computer model, can be used to predict weight contingencies for
other configurations of VIOL aircraft. Thus, VIOL configurations of similar
passenger capacity can be meaningfully compared, with their respective DOCs
adjusted for technclogicel risk by way of the weight contingency. This method
predicted a weight contingency of about 0.12% of weight empty for the study
baseline helicopter, and about 1.6% of weight empty for the compound.

STATISTICALLY
DERIVED

*— CURVE
(MELICOPTERS ONLY)

CONTINGENCY , % WE.

BASE
comrp

BASE
HELO

i | 1 1 l
' 2 '3 ) ] . 4
GROSS WEICNT FACTOR (TIMES LARGEST PREVIOUSLY
MANUFACTURED AIRCRAFT OF SIHLAR CONFIOURAT I0K)

-]

FIGURE 2-7. WEIGHT EMPTY CONTINGENCY ASSESSMENT FOR
TECHNOLOGICAL RISK ASSOCIATED WITH SIZE
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2.4,2 Performance

Perfcrmance evaluation was based on standard methodology, Keferences 4 and
5, vith technology level adjusted for a production aircraft in 1985.

Aerodynamic performance efficiencies in the rotor and drive system are
representative of the U.S. Army UITAS helicopter program. with 1% improv ment
in hover figure of merit for technology advance in blade desizi. Drag esti-

mates were based on manufactured haréware data and/or win“ inel test results.
Engine performance war scaled from a selected basel’ vrerpiant., To's
baseline is the Allison 501-M62 model, which matches the . ~cific fuel

consumption requirements for this study and is in the size .,ange required. It
is also representative of the required production timeframe. The baseline
engine performance characteristics are shown in Figure 2-8.

Auxiliary propulsion performance for the compound aircraft is tased on
published data for the Hamilton Ctandard Q-fan™ concept which has been demon-
strated under test conditions, References 12 and 13.

T .4['
BASELINE ENGINE SCALE FACTOR = LO
SEA LEVEL,STATIC
8k
-
g
-
7k
3 g.s -
(&)
g ¥ |E
2 3 ef$
N 90°~\ N\ 59°
] 25
& £\ MAX CONTINUOUS RATING
s 3 INTERMEDIATE RATING {30 MIN)
’ O TAKE-OFF RATING
2F
ol 1 ~L 1 L — i - J
0 i 2 3 3 5 6 7 b 9
15U
[ i S . 1 ol e A s i )
) ] 2 3 4 5 3 7 8 9

CUSTOMARY UNITS
SHAFT HORSEPOWER X 10-3

FIGURE 2-8. BASELINE ENGINE CHARACTERISTICS
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GROUP

% REDUCTION IN WEIGHT
DUE TO TECHNOLOGICAL
ADVANCEMENT

MATERLAIS ECHNOLOGY
REQUIRES ) MEET
TECHNCLOG CAL ADVANCEMENT

ATRFRAME

25

All-composite primary
structure of graphite
epoxy. Secondary
structure of keviar or
araphite epoxy.

winNG

25

All-composite primary
structure of graphite
epoxy. Control surfaces
of graphite epoxy.
Secondar, structure of
kevlar or grephite epoxy.

ENGINE SECTION

FLIGHT CONTROLS

Cowling of graphite epoxy
design, mounts and fire-
walls cf high strength
steel or titanium, fairings
of kvviar or graphite
epoXy .

ljb

Complete fly-by-wire
system, nc mechanical
back-up.

ELECTRI.CAL

1k

0il cocled gencratoi1s
(current technology but not
included in statistics).
Introduction of teflon wire
along with furthe: minia-
turization of relays, etc.

VIBRATION SUPPRESSION

10

Improvement in design
tecuniquer.

FIGURE z-9.

PERCENTAGE REDUCTION IN COMPONE!I'T WEIGHTS
DUE TO ADVANCED TECINOLOCY
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2.4.3 Mass Properties

The gross weights of the halicopter and compound baseline designs were
estimated taking into account the technological advances in structure, controls,
and equipment that should be available by the early nineteen-eighties. The
percentage reduction in component weights and a brief description of the mater-
ials technology required to achieve these weight reductions are shown in

Figure 2-9. These percentage weight reductions were taken in agreement with
NASA.

The effects of advances in technology on the gross weight of the two
baseline designs are shown in Figure 2-10. 1In this figure, a current technology
solution to the baseline design would have a gross weight 10% higher for the
helicopter and 12% nigher for the campound. A 1985 solution, when compared
with the baseline, would have a gross weight 4% less for the helicopter ani
5% less for the compound. These 1985 technology solutions take advantage of
forseeable weighLt saving techniques for that timeframe.
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HELICOPTER COMPOUND
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FIG'E 2-10. EF. 'S OF ADVANCED TECHNOLOGY ON GROSS WEIGHT
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3.0 BASELINE DESIGNS

3.1 Aircraft Description

Figure 3-1 summarizes the primary attributes of the baseline helicopter
and compound designs. Figures 3~2 and 3-3 are three-views of the two aircraft,
described in detail in Figure 3-k.

HELICOPTER

COMPOUND

GROSS WEIGHT, kg
WEIGHT EMPTY, kg
PASSENGERS

ROTOR DIAMETER, m

ROTOR DISC LOADING, kg/m?

INSTALLED POWER, mhp
WING LOADING, kg/m
V CRUISE, M/sec
CRUISE ALTITULE, =
AUX.PROP.

FLIGHT CONTROLS

BODY STYLE

HOVER TIPSPEED, m/sec

EXTERNAL NOISE, PNdB
(150-peter sideline)

IRTERKAL NOISE, PSIL
95 PN4B FOOTPRINT AREA,
km?

TAKEOFF
LANDING
BLOCK FUEL, kg
BLOCK TIME, hr
DCC, ¢/senmt km:
370 km (200 n.m.)
740 km (LOO n.m.)
pass.

26371 (58,137 1b)
15592 (3b,374 1b)
100

28.1 (92.2 tv)

41.5 (8.5 pst)
10753 (10,605 hp)
8 (173 xt)

1219 (k00O ft)
FLY-BY-WIRE

6 - ABREAST
SINGLE AISLE

222.5 (730 fps)
93.5

70

.195 (.075 sq. mi)
.163 (.063 8q. mi)
1544 (3404 1b)
1.331

1.973 (3.174é/sent mile)

2.153 (3.46éb¢/seat mile),

83

3440 (75,926 1b)
22482 (49,56k 1b)
100

26.9 (88.k rv)
58.7 (12 psr)
22287 (21,979 hp)
u18 (85.5 psf)
129 (250 kt)
4267 (1000 ft)
PROP-FANS
FLY-BY-WIRE

6 - ABREAST
SINGLE AISIE

210.3 (690 fps)
95

70

0% (.156 sa. mi)
.227 (.088 sq, mi)
2ukQ (5379 1v)
958

2.051 (3.30 ¢/seat mi
2,428 (3.906¢/seat nx]

T

FIGURE 3-1 BASELINE AIRCRAFT PRIMARY ATTRIBUTES
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Vertical ares,

Body
Cross Section
Vetted ares, a2
Cabin length,
Sest Abresst
Aisles
Pressurization, newton/cwe
Maximm width, om
Maxisum height, cm
Overall length, m

Alighting Gear
Trpe

Design sink speed, m/sec

Flight Coatrols
Type

Engine Installation
Trpe

Scale factor
Thaber

Loeation

Total installed power, ahp
Output speed, T

Puel System
Capecity, »3
Ty~

1.3 (256 £12)

Double ellipse
310.76 (3305 f2)
21.01 (68.92 ft)
6

1

Nooe
371 (146 1a.)
330 (130 in.}
32.59 (106.9 1)

Tricycle, fully
retrectable
2.hs (8 fps)

Fly-by-vire
Dual mein and
tail rotor servos

Dual ASE, triply
redundant

fubberized Allison
501-M62

L]

3

Two side-mounted,
one to rear of
mein gearbox

10753 (10605 bp)
17244

2.750 (726.7 gals.)}
Bledder, pressure

refueling, one tank

for double voliume.

Belicopter Compound
Main Botor
Type articulsted frticulated
lubricated hinges labriceted Minges
Swept tips Swept tips
Paired heed 43 pited flap coupling
+ired head
Adrfnt) Seetion §C1095 801095
Diesete., = 28.10 (92.2 fx) 26.9% (88.0 rx)
Chord, ca 72.19 {28.42 1a.) 85.52 {33.67 in.)
Bladea 5 [
Uover tipspeed, n/sac 222.5 (130 fpa) 210.3 690 fpa!)
Cruize tipspeed, n/eec 222.5 (1% fpe) 152.50 (520 fype)
Minge effsst, £ 8.33 f.an
Rquivalent linear twist, deg -16 ~i2
Kover & 8L 90°r o015 5
Shatt tilt, deg -3 K
Vibration suppressiom bifiler oiilisr
Ving
Span, » - 15.81 (51.86 rt)
Aspect Ratio - .15
Atrfoil sectics - 23015
Ares, »? - 52.58 (566 f2)
Mear asrodynmmic chord, - 170.2 {67 in.}
Devices - Semi-spen fleps, leeding
edge spoiler
Tail Rotor
Type b Crossbean Crosstess
Siaweter, & 5.58 (18.3 rt) 7.22 {23.7 )
Chord, ca 27.% (10.81 in.) 38.56 (15.18 1a.)
Rades [ 6
Nover tipapesd, a/sec 213.h (700 fps) 210.3 (696 fps)
Equivaien! iiseer twist, doeg -6 -12
Cant, deg 20 28
Tail Surfaces
Style Inverted T Iaverted T
Horitontal ares, m2 17.28 (186 fx2) 23.23 (250 n2)

1k.31 {156 f£32)

Double ellipse
306.58 (3300 1v2)
21.01 (66,92 1t)

1
%.137 (6 pei)
371 {186 1s.)
330 {130 fn.)
32.28 (105.9 £

Tricycle, fully
retractable
2.hb (8 fps)

Fiy-bty-wire

Dual rotor and
fixed wing coatrol
serves

Dusl ASE, triply
redunéant

Rubberised Allison
501-M62
.92

3

One behind esch fan
propulsor,

Third to reer of
main gearbox

22287 (21979 bp)
11978

A.230 (1117.h gals.)

Wet wing, pressure
refueling, one tank
per engine per visg,
vith crossfeed.

FIGURE 3-L.
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Selicomter

Conpound

Auxiliary Propulsicn

Type

Dismeter, n

Bumber

Blade tip speed, m/sec

rpm

Gearbox reduction ratio
APY

Ilnstruments
Hydrsulics

Electrical

Avionics

Alr Conditiomnins
and Antielce

Purnishings

Fassive isolation
TN25 (1322 bp)
39.67

39.67

6000

151.2

1708

9
2.05

us

731.5
3.0

2.8Th

Passive isolation

Demped gears
1231: (12143 np)

Sized to meet needs

of start.

ing, ground

air coanditioning,

2nd nems

Nil IR

ing

instrumests

ror piliot and co-

pilot

Dual system

Dusl syst

VHP/AX radte (2)

Intercom

systen

Public address
Voice recorder
VOR/LOC/GS (2}

ADF
fe
ATL trans
Radar alt.

ponder
imeter (2)

Gyro compass (2)

Area nav.

system (2)

Microwave ILS {2)
Autamstic spprosch

coupler

Marker Bescon

Flight di

rector (2)

Environmental Cmroxlhvirmmm Control

System as for
current fixed wing
transport. Winde
shield and engine
inlet anti-ice.

Passenger seats (10C,
Crev sests (3)
Attendant seats (2)
Lavetories (2)

Wall & ceiling trim/
soundproofing

Floor covering
Overhead recks
Beverage stovage
Partitions

Systes as for current
fixed ving trunsport.
Windshield, engine

aoti-ice.

Passenger seats {100)
Crow seats (3)
Attendant seats (2)
Levetories (2}

Wall & ceiling tris’
soundproofing

Tloor cavering
Overbesd recks

Beversge
Partitions

Crev equipment
Cabin equipment
Inergency ‘Q‘iFll:

& restraiot oyste

FIGURE 3-k.
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A fuselage section cut, identical for sll designs described in this report,
is given in Figure 3-5. All designs have canted tail rot.v/fan configurations.
This feature provides a significant weight saving advantage because of the
component of tail 1ift in hover. Without this, a fuselage extension would be
needed forward to maintain the aircraft center of gravity under the main rotor
head. Separation between main and tail rotor tip paths is T percent of tail
rotor diameter, a minisum amount desirable to suppress noise generated from
interference between the two flowfields.

- W1, 289 (734 0G <~
Lo CELING WL 274 ¢85 9g¢m)

| 3

~~ QYER D Owe2

150 FYY BOSENGER

A TANT SECTION

FIGURE 3-5. FUSELAGE SECTION CUT
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Drive system schematics are shown in Figures 3-6 an2 3-7.

T - (3) ALLISON SCALED SO0I-SERES ENGINES
QUTAUT SPEED 17244 e

(33 AUISOM SCALED 501- SEMES (NS
QUMRIT D e e

FIGURE 3-7. COMPOUND DRIVE SYSTEM SCHEMATIC
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3.2 Mass Properties

3.2.1 Weight

The weight estimates for both baseline designs, Figure 3-8, are based aon
statistical or semi-analytical weight equations for all structural and dynamic
components. These weight equations have been developed using a large his-
torical data base, which includes over 40 models of 12 basic helicopters.
data base includes aircraft with a gross weight of up to 31,745ke(70,000 1bs),
a main rotor with 3 to 7 blades and from 7.3m (24 ft) to 2L.1m (79 f£t) in
diameter, main gearboxes from 253.5 mhp (250 hp) to 11,154 mhp (11,000 hp),
structures designed with ultimate load factors up to 5.25g and dive speeds up to

177.5 m/sec (345 knots).

HELICOPTER COMPOUND
GROUP -
WEIGHT (kg) { WEIGHT {1b) §WEIGHT (u)lmmﬂ' (1b)
MAIN ROTUR GROUP .313 5099 2434 5367
WING GROUP 0 0 896 1975
TAIL GROUP
TAIL ROTOR/FAN 169 370 356 785
TAIL SURFACES I 832 “T3 1063
BODY GROUP 2988 6587 3666 8082
ALIGHTING GEAR 651 1435 806 1717
FLIGHT CONTROLS 609 1343 827 1824
ENGIKE SECTION 237 523 57T 1213
PROPULSION GROUP
ENGIKES 916 2020 1526 3365
AIR INDUCTION 33 T2 16 36
EXHAUST SYSTEM 20 [} 3h Th
LUBRICATING SYSTEM 0 0 [ 0
FUEL SYSTEM 164 362 112 2k6
ENGINE CONTROLS 33 72 59 129
STARTING SYSTEM 86 189 155 341
AUXILIARY PROPULSION PANMS 0 0 2056 4533
DRIVE SYSTEM 2519 5553 3292 7257
AUXILIARY POWER UNIT 266 586 266 586
INSTRUMENTS 262 517 293 645
HYDRAULICS 70 155 78 173
ELECTRICAL GROUP 330 128 391 862
AVIONICS 298 658 298 658
FURNISHINGS 2509 5523 2787 6055
AIR CONDITIONING AND ANTI-ICE 706 1561 733 1617
AUXILIARY GEAR 20 43 20 43
CONTINGEN"Y 1y % 371 818
WEIGHT BMPTY 15592 33T <2h62 L9556k
FIXED USEFUL LOAD
PILOT 86 190 86 190
00-P110T 86 190 86 190
Oli~ENGINE 18 Lo 18 [
~TRAPPED 7 16 7 16
FUEL~TRAPPED 5 12 33 73
ATTENDANTS 127 280 127 280
MISSION EQUIPMENT 136 300 136 300
PAYLOAD 8165 18000 8165 18000
FUEL-USABLE 2149 4735 3300 7273
GROSS WEIGHT . oe6m 58137 3kbbo 15926
i

FIGURE 3-8. BASELINE DESIGN WEIGHT STATEMENT
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The auxiliary propulsion fan weights are based on trends provided by
Hamilton Standard and are based on the current Q-fan demonstrator program. The
furnishings and equipment weights for both baseline designs are eatimated from
data available on the Sikorsky S-65-200 commercial compound program (Reference
6) and from current fixed-wing commercial transports (References 1k and 15).

3.2.2 Balance & Loadability

The forward and aft center of gravity limits are based on the following
criteria:

(a) Steady state main roter flepping in hover should not exceed +3.75
degrees at any gross weight.

(b) Pitch attitude in hover should not exceed 6 degrees at any gross
weight.

The flapping limits are established by rotor hub and shaft fatigue con-
siderations. Attitude limits are established by pilot comfort and visibility
considerations. Application of these criteria result in the center of gravity
limits at design gross weight as illustrated in Figure 3-9, shown as a function
of rotor shaft incidence (3 degrees forward for the helicopter, 0 degrees for
the compound).

The center of gravity envelopes for the helicopter and compound are shown
in Figures 3-10 and 3-11. The passenger loading follows the generally accepted
pattern in which window seats are filled first, then the aisle seats, and
finally the remaining seats. Both forward and rear loading capability has been
evaluated along with the most critical combination of passenger, baggage, and
fuel loading. In addition, a tolerance has been allowed on the probable
passenger plus fuel loading to consider the in-flight movement of passengers
and possible shifts in fuel distribution due to changes in aircraft attitude.
The allowable center of gravity range at design gross weight exceeds the mini-
mum requirement, that which would result from a payload shift of #5% of cabin
length.

3.2.3 Moments of Inertia

The helicopter moments of inertia are based on existing data available
from the CH~53E, an aircraft of similar size and gross weight. Compound moments
of inertia are based on S-65-200 studies (Reference 6). All inertias were
scaled to the gross weights of the baseline designs.

Inertia - kg cm sec® (1b in. sec?) x 10

Ixx (Ro11) Iyy (Piteh) I, (Yaw) I, (Product)
Helicopter .936 (.812) 5.29 (4.59) L.93 (4.28) [.2712 (.236)
Compound 2.15 (1.87) 8.47 (7.34) £.98 (71.79) |.636 (.552)
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3.3 Deeign Optimization acdi Trending

3.1 Helicopter

——

The nelicopter baseline design evolved from a series nf design trade-offs
generally directed at minimizing DOC. Aspects of design considered to have
the most effect on DOC are main rotor disc loading. blade loading, bl-ie twist.,
and tipspeed, design cruise altitude, tail rotor tipspeed,and number of ¢ gires,

3.3.1.1 Disc Loading and Blade Loading

Increasing disc lcading reduces rotor diameter snd increases hover power
requirements. While rotor and drive system weights decrease by reducing the
rotor sgize, this decrease is more than offset by an increased powerplant weight
and an increased fuel flow for the larger engine. Tke resulting trend,

Figure 3-12, shows that for any given blade loading, Cp/0, minimum DCC is
always obtained at the lowesi possible disc loading. In the study, however, it
vas found that for disc loadings below 41.5 ksm (8.5 paf), it was not possible
to balance the aircraft because of the excess fuselage length aft,

.04 i 1 l P - | !
i } O BASELINE j
! ! i 1 S f i
\ S
|.°3 — = _A:, - . %
DISC ] ! i | | 4{ |
LOADING, o® I
K T ate N T I MR
,,ISSW N \ \\;:T LM ROIUR L
1.02 44 | | BLADE ASPECT. | 0t |
' o0 \ RATIO | ;
! ' !
% 1 2 |
o — ™ i ‘
= " l 9.5 {
€ 100 @ y ;
o N ‘ 9 oIsc t
1 : LOADING,
S A qb i;}7 G l
T/e \k\ PSF |
| 00 (SL 90° F) A\ B_TUMT FOR] | J{
AI/CRAFT !
AN % J ';07 BALANCE o
075 l’?‘ l T
UMIT FOR L
0.99 BLADE TORSIONAL ,
RIGIDITY AND [
STATIC DROOP
| E]WELTPE | | {
0.98 S 4 L

FIGURE 3-12. HELICOPTER - SELECTION OF MAIN ROTOR GEOMETRY
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As Cp/o is increased for any given disc loading, the blade area is reduced,
decreasing blade weight. However, reducing the blade area has a serious effect
on attainable cruise speed and DOC, as shown in Figure 3-13. A Cp/o of 0.07%
was found to provide the minimum DOC.

Also shown in Figure 3-12 are lines of constant blade aspect ratio. It is
seen that at the baseline disc loading and CT/o, the blade aspect rat> is less
than the theoretical upper limit of 20, at which blade torsional ri:s .ity and
static droop considerations require substantial increase in blade st .ffness and
veight.

3.3.1.2 Cruise Altitude

The trend of DOC with cruise altitude, Figure 3-14, shows a characteristic
common to pure nelicopters. Because of retreating blade stall, pure helicopters
do not exhibit a classic fixed wing increase in cruise-efficiency with in-
creasing cruise altitude. For the helicopter, the lowest possible cruise ilti-
tude produces the minimum DOC. A cruise altitude of 1219 meters (4000 feet)
was selected as the lower limit in order to provide for air traffic control and
an altitude safety margin in heavily populated areas.

3.3.1.3 Main Rotor Blade Twist

Blade twist increases rotor efficiency in both cruise and hovering flight.
The limit of the DCC versus twist trend, Figure 3-15, occurs when the blade
stresses associated with high twist begin to escalate tlade weight and when tle
ranufacturing process for such a blade, which generally requires highly non-
linear twist and non-linear planform shape, have not bcen developed. For this
study, -16 aegrees of twist was selected as that technology level which is
currently being developed in the CH-53E and YUH-60A UTTAS rotors and would
therefore be available to a large production helicopter in service in 1985.

3.3.1.4 Main Rotor Tipspeed

Selection of main rotor tipspeed is a trade-off between blade weight (for
given CT/O) and advancing tip Mach number effects in cruise flight. Correct
choice of tipspeed is dependent on blade twist, tip shape, and airfoil sections
evailable within the time frame to alleviate the compressibility losses. The
optimum tipspeed was 222.5 meters/sec (730 ft/sec), as shown in Figure 3-16.

3.3.1.5 Tail Yotor Tipspeed

DOC does not increase at high tail rotor tipspeeds, (Figure 3-1T), because
at cruise speeds the tail rotor is not highly loaded and so does not contribute
significantly to any power penalty associated with compressibility effects in
cruise. Selection of 217 m/sec (700 fps) as an upper limit for tail rotor
tipspeed vas made in order to suppress tail rotor noise.

3.3.1.6 Number of Engines

As the number of engines increases, the total installed power to provide
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the cne-engine-inoperative (OEI) out-of-ground-effect (OGE) capability decreases.
However, maintenance burden increases. A three-engine solution minimizes DOC,
as shown in Figure 3-18.

3.3.2 Compound

The major design parameters investigated were cruise speed, disc loading,
prop-fan size and tipspeed, main rotor twist, number of engines, and main rotor
tipspeed.

3.3.2.1 Cruise Speed and Disc Loading

For the compound aircraft, the design cruise speed was not selected with
ninimum DOC alone in mind. This situation is similar to that of a CTOL air-
craft, where design cruise speeds are significantly higher than required for
minipum DOC, in order to provide a marketable product with superior passenger
appeal -

Because main rotor disc loading influences hover efficiency, DOC was
trended as a function of cruise speed and disc loading in order to investigate
the condition for a power-required match between cruise flight and OEI OGE
hover. This is shown in Figure 3-19. Minimum DOC for a given disc loading
occurs at the cruise speed for this power match. As a further guide to proper
selection of cruise speed, a productivity function of the form (seat kilometers
per block hour)/(weight empty) was calculated.

Figure 3-20 shows that this productivity function maximizes at a cruise
speed of 128.6 m/sec (250 knots), for 2% increase from the theoretical minimum
DOC.

3.3.2.2 Auxiliary Propulsion

Both fan and propeller propulsion were trended in determining the lowest
DOC design. A family of Hamilton Standard Q-fan devices, References 12 and 13,
was investigated, in terms of the fan pressure ratio, Figure 3-21. A fan
pressure ratio of 1.1 yielded the lowest DOC consistent with a shroud diameter
t..at did not compromise the osverall vehicle design. The selected fan diameter
of 2.4 meters (7.32 ft) was used as the basis for comparison with the propeller
configuration.

As discussed further in Section 3.5.2, one of the most important influences
on the selection of an auxiliary propulsion device is the rejuirement for cabin
noise suppression to TO dB PSIL. Figure 3-22 shows the powerful effect on
required soundproofing of the tipspeed of the propulsive device. In evaluating
the propellers, the required soundproofing weight increases rapidly, when com~
pared to the fans, as tipspeed is increased. Propeller efficiency generally
decreases with decreasing tipspeed, but can be restored when activity factor
is incressed by adding blades or blade chord, and so system weight. Another
important noise effect is the proximity of the propeller to the fuselage. The
closer the propeller is to the fuselage, the greater the weight penalty for
acoustic insulation. For the fans, the acoustic treatment of the shroud, U45.k4
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kilograms (100 pounds) per propulsor, has been added to the cabin treatment
weight to provide an equivalent average treatment density. Also shown in
Figure 3-22 are the soundproofing treatment densities required to meet the

75 dB PSIL limit during take-off, for various levels of transmission acoustic
isolation. Unlike the helicopter, power to the main gearbox during cruise is
low, and so the contribution of the internal noise signature from the trans-
mission is significant only during low-speed flight. While this dictates the
soundproofing required for the helicopter, the fan or propeller noise dictates
the soundproofing weight for a compound.

With these noise penalties assigned, the ratio of DOC to the baseline fan
solution was trended for varying propeller tipspeeds and nacelle buttlines,
Figure 3-23. The extremely high DOCs are associated with a high tipspeed in
combination with close proximity of propeller and fuselage. The correspondence
between propeller diameter and nacelle buttline is provided by propeller/ground
and propeller/rotor tip path clearance considerations.

With the noise constraints, the best propeller solution is marginally
competitive to the prop-fan design, which provides reduced system envelope,
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reduced slipstream interference effects, and increased clearance from the ground
and rotor tip-path. These factors weigh heavily in favor of the prop-fan, in
spite of its reduced propulsive efficiency at the compound cruise speed.

1.4
{ 4 BLADES j
— JRRPSES WSO UOPRVY |\ VNN U W SRS SR ¥
s . _MAX.PROP
Y NSNS L N RS SR Lol S |is".nuw|.l=7l S
! i
| _INACELLE ¢
JD SRR DY S UG 4 B
I~ 7’ * €00% |BUTTLINE |
c
L2 || PrOPELLER .4 260gf L X 4?---{- ]
'
::geo, Max. ProP |\ /!5 j
- AU floawew (XL L
o A t
: SN
N -0 A5 — 4+ + r  a—
(33 !
o SRS GO " I SR S A N800 ]
o &, [ v
anseimne | N ' Y
L 25777
1.0 - h m— N\l 900
PROPFANS) \;;L :Oo ;‘__'.z;‘f‘r .
¢
°°7>f,ir - g 86 %0 1]
woE PROPELLER
0.9} — oo =1 weseeen, [ | o ]
FPS
|
— A_«_{__ ..__4‘ —— e e . .-+-_- - l.———-m____._» SN
N
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3.3.2.3 Main Rotor Blade Twist

————

In the design of a compound rotor with constant geometry, high blade twist
is not mandatory, because the higher design cruise pover requirements of a
compound allow the inefficiencies in hover of lower twist designs without
increasing rotor size. Twist is also undesirable because of the high stresses
in a twisted blade at cruise speeds and high rotor inplane drag forces. The
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minimum DOC occurs at a twist of -4 degrees, Figure 3-2L.

While from a performance point of view, -k degrees of twist is optimum,
the external noise constraints of this study required anelysis of all design
parame*ers to identify ways to lower noise. Analysis of twist showed that
higher values of twist reduced external noise. This is due to a more even
aerodynamic distribution of lift along the blade radius, which reduces the tip
vortex strength. Twist of -12 degrees was selected because of its powerful
effect in reducing noise, while the flatness of the DOC trend in Figure 3-24
indicates only a 1% increase in DOC above the minimum.

2.3.2.4 Number of Engines

A three-engine installation was selected for the compound, Figure 3-25.
One engine is centrally installed behind the main gearbox, and one is axially
mounted behind each auxiliary prcPulsor. Four-engine and five-engine solutions
were studied but rejected, because their meintenance burden drove DOCs to a
relatively high level compared with the two-engine and three-engine solutions.
The two-engine solution was not selected. Altnough it yielded a slightly
lower DOC, the physical size of an engine having one-half of the required in-
stalled horsepower was prohibitive. The enormous size created installation
problems and fan losses, which were in violation of the performance and weights
essumptions of the analysis. In addition to this, the size of the engine
violated the study groundrule of development by 1985. The engines were more
than 50 percent larger than the baseline (HLH development) engines.

3.3.2.5 Main Rotor Tipspeed

The compound main gearbox has a two-speed input section., This provides a
higher rotor tipspeed for hover and helicopter flight up to 92.6 m/sec (180
knots) and a lower rotor tipspeed in high-speed flight in order to reduce
advancing tip Mach number effects. Figure 3-26 shows the trend of DOC with
hover tipspeed, indicating a minimum at 222.5 m/sec (730 fps). As discussed
in Section 3.5, the compound design must be compromised to reduce external
?gise si§nature to the 95 PNdB limit. The baseline tipspeed is thus 210.3 m/sec

90 fps).

3.2.2.6 Tail Rotor Tipspeed

The variation >f DOC with tail rotor tipspeed, Figure 3-27, shows a minimum
at 210.3 m/sec (690 fps). This tipspveed does not violate the requirements for
limiting external noise to 95 PNAB.

3.2.2.7 Main Rotor Blade Loading

The main rotrr blade loading, definecd as the CT/o value in hover on a ses
level 90~degree day, has a powerful influence on external noise signature
(Section 3.5). Unlike the helicopter, the compound rotor is unloaded in high
speed flight so that blade stall is not & iimiting criteria. In fact, excess
blade area merely produces inplane rotor drag . Alco there is an excess of
pow. r available in hover, because the installed power is determined by the high-
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FIGURE 3-2h.

COMPOUND - SELECTION OF MAIN ROTOR BLADE TWIST
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speed requirements. Hover inefficierncies (high CT/U) can therefore be tolera-
ted in the interests of improving the high spee? capability of the aircraft
and reducing weight. This is ipdicated in Figure 3-28. DOC continues to
decrease as Cp/g increases beyond a value of .115. Because of the external
noise limit, however, hover Cp/c was limited %o 0.1.

3.4 Handling Qualities and Gust Sensitivity

3.4.1 Handling Qualities Criteria

The helicopter and compound helicopter were designed o meet the level 1
requirements of Appendix A of Reference 2 at all times. A crosc reference
between these reouirements and this text is given in Figure 3-29. Each air-
craft is designea to continue flight at normal rotor rpm with one engine
i -operative, thus not degrading roll and pitch control powers. If the power
required for a maneuver exceeds rower available for a short time, the rota-
tional energy stored in the rotor systems can be used for yaw and vert.cal
height control.

Each aircraft i. designed with a trinly-redundant automatic flight control
system with voting. Therefore, any failure is automatical.y detected and the
appropriate element of the system is shut off without degrading control system
performance.

Level one is cefined for normal operation by an average comnumercial pilot.
Level two requires adeauate flving qualities with increased pilc. sork load,
after any reasonable feilure of a single gas generator or control system
element.

TEXT REFERENC.. <
3.4.1 1.1
3.4.2 1.1.1
3.4.3.1 1.1.2.1
3.k.3.2 1.1.2.2
3.4.4 1.1.3
3.4.5 1.1.4
3.4.6 1.1.5
3.4.7 1.2
3.4.8 L.8
3.“-9 5'1
3.4,10 5.2
3.4h,11 S.k

FIGURE 3-29. CROSS REFERENCE TO STUDY GUIDELINES
HANDLING QUALITIES REQUIREMERTS
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3.4.2 Attitude Control Power

Trim data, in combination with the control limits, Figure 3-30, and the
control systems derivatives, Figure 3-31, vere used to calculate the maximum
angular acceleration sbout each axis for the control available in hover,

80 knots, and 171 knots for the helicopter; and in hover, 100 knots, and 180
knots for tke compound, at their forward and aft centers of gravity, Figures
3-32 and 3-33. As can be seen, the angular acceleration available exceeds
that required in all cases with the control ranges selected for this study.
With a rotary wing aircraft, it is possible to apply 1008 of each of the con-
trols simultanecusly.

The control ranges used in this study are based on the range required for
the Sikorsky CH-S3E (an uircraft of similar size). This control system will
provide the aircraft with satisfactory control harmony and sensitivity, as
required by Reference 10.

CONTROL LIMITS

Helicopter

Ay 48 DEG.

Bls -12 to +16 DEG.

OTR.YSR -10 to +30 DEG.
Compound

AL +8 DEG.

B g -11 to +18.5 DEG.

OTR-'TSR =10 to +30 DEG.

FIGURE 3-30. CONTROL LIMITS
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CONTROL DERIVATIVES

HELICOPTER

3 L/3A, IM/ B, 3 N/ag,,
VELOCITY I (57.3) Iy (57.3) 1, (57.3)
M/SEC (kts)
0 (0) <357 -.0624 -.0k66
41 (80) .3k0 -.0764 -.0592
88 (171) -323 -.1215 -.0797
COMPOURD

IL/3A, 3 M/3B, 3 N/39,,
VELOCITY Ixx (57.3) Iyy (57.3) Izz (57.3)
M/SEC (kts)
o (0} .1725 -.0k29 -.0L63
51.4 (100) .1378 -.08616 -.05T7
92.6 (180) .1085 -.15226 -.07T7h

FIGURE 3-31.

CONTROL DERIVATIVES




SPEED C.G. AXIS REQUIRED AVAILABLE
M/SEC (KTS) ACCELERATION ACCELERATION
RAD/SEC2 RAD/SEC2

o (o) AFT ROLL +.6 3.32

-2.39

PITCH +.33 0.94

-0.81

YAW +.25 1.10

-0.77

FWD ROLL +.6 3.57

-2.14

PITCH +.33 0.56

-1.18

YAW +.25 1.10

-0_77

41 (80) AFT ROLL +.4 3.06

-2.38

PITCH +.3 1.43

-0.71

YAW +.2 0.85

-1.52

FWD POLL +.4 3.23

-2.21

PITCH +.3 1.06

-1.08

YAW +.2 c.88

-1.49

88 (171) AFT ROLL +.h 2.9h

-2.23

PITCH +.3 3.05

-0.35

YAW +.2 0.90

-2.29

FWD ROLL +.4 3.07

-2.10

PITCH +.3 2.70

-0.70

YAW 4.2 0.6k

-2.23

FIGURE 3-32. BASELINE HELICOPTER CONTROL POWER




SPEED C.G. AXIS REQUIRED AVAILABLE
M/SEC (XTS) ACCELERATION ACCELERATION
RAD/SEC? RAD/SEC2
o (0) APT ROLL +.6 1.66
-1.10
PITCH +.33 0.64
-0.62
YAW +.25 0.93
-0.92
0 (o) FWD ROLL +.6 1.78
—0-98
PITCH +.33 0.39
-0.88
YAW +.25 0.92
-0.91;
51.4 (100) AFT ROLL +.b 1.38
-0.83
PITCH +.3 1.80
~0.Th
YAW +.2 0.61
~1.70
FWD ROLL +.h 1.k6
-0.Th
PITCH +.3 1.b6
-1.08
YAW +.2 0.61
-1.70
92.6 (180) AFT ROLL +.b 0.99
-0.75
PITCH +.3 3.1k
-1.36
YAW +.2 1.02
-2.08
FWD ROLL 4.4 1.08
-0.65
PITCH +.3 2.73
-1.77
YAW +.2 1.02
~2.08
FIGURE 3-33. BASELINE COMPOUND CONTROL POWER
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From time histories o. .esponses to control stick inputs at the rotor head,
displacements after one second are shown in Figures 3-34 and 3-35.

BASELINE HELICOPTER MAXIMUM ANGULAR DISPLACEMENT - 1 SECOND
AFTER A CONTROL STEP INPUT
SAS OFF
SPEED CENTER OF REQUIREMENT AVAILABLE
M/SEC (KT) GRAVITY AXIS DEG DEG
POSITION
o (0) AFT PITCH +3 22.5
-19.5
ROLL +5 55.8
-ko.2
YAW +2 31.2
-22.0
FWD PITCH +3 13.5
-28.5
ROLL 5 60.0
-36.0
YAW +2 31.3
-22.0
88 (171) AFT PITCH +3 So.g
- 5.
ROLL +3 54.6
-k1.k
YAW *2 17.0
-h3.0
FWD PITCH +3 bbb
-11.6
ROLL 43 57.0
-39.0
YAW *2 12.0
-k2.0

FIGURE 3-34., BASELINE HELICOPTER MAXIMUM ARGULAR DISPLACEMENT
ONE SECOND AFTER A CONTROL STEP INPUT
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BASELINE COMPOUND MAXIMIM ANGULAR DISPLACEMENT - 1 SECOND
AFTER A CONTROL STEP INPUT
SAS OFF
SPEED CENTER OF REQUIREMENT AVAILABLE
M/SEC (KT) GRAVITY AXIS DEG DEG
POSITION
o (o) AFT PITCH +3 16.0
-15.5
ROLL 45 35.6
"2307
YAW +2 25.5
-2502
FWD PiTCH +3 9.6
-21.9
ROLL +5 38.1
-21.1
YAW +2 25.1
-25.6
92.6 (180) AFT PITCH 3 36.1
-15.6
ROLL +3 20.0
-15.2
YAW 2 18.3
'37-7
FWD PITCH +3 31.3
- .3
ROLL +3 z.0
-13.2
YAW +2 18.3
"3707

FIGURE 3-35. BASELIKE COMPOUND MAXIMUM ANRGULAR DISELACEMENT
OFE SECOND AFTER A CONTROL STEP INPUT

Figures 3-36 and 3-37 give available control accelerations in a $12.87
m/sec (25-knot) sidewind, showing control povwer capasbilities substantially in
excess of the requirements.
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SPEED Vy REQUIRED AVAILABLE AVAILABLE
M/SEC (XT) | M/SEC (KT) | AXIS | ACCELERATION CONTROL | ACCELERATION
RAD/SEC2 DEG. RAD/SEC?
o (o) 12.87 (25) ROLL +.30 7.7 2.7°
- 8.3 -2.96
PITCH +.165 12.6 -0.78
-15.4 0.96
YAW +.125 12.9 -0.60
-27.1 1.26
0 (0) -12.87 (-25) | ROLL +.3 10.3 3.68
- 5.7 -2.03
PITCH +.1165 12.4 -0.717
-15-6 0097
YAW +.125 23.4 -1.09
-16.6 0.77
L1 (80) 12.87 (25) | ROLL +.2 7.6 2.58
- 8.4 -2.86
PITCH +.15 9.6 -0.73
-18.4 1.k0
YAW +.1 23.3 -1.38
-16.7 0.98
k1 (80) -12.87 (-25)| ROLL +.2 10.2 3.47
- 5.2 -1.77
PITCH +.15 6.6 -0.73
. -186.4 1.ko
YAW +.1 32.3 -1.91
- 1.7 0.6
88 (171) 12.87 (25) | ROLL +.2 6.5 2.10
- 9.5 -3.07
PITCH +.15 3.4 -0.41
-2b.6 2.99
YAW +.1 271.8 -2.21
-12-7 1.01
88 (171) -12.87 (-25) | ROLL +.2 12.65 4.08
- 3.35 -1.08
PITCH +.15 3.9 -0.47
-2h.1 2.93
YAW +.1 32.8 -2.61
- 7.2 0.57
FIGURE 3-36. BASELINE HELICOPTER CONTROL POWER IN $25-KT CROSSWIND
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v REQUIRED AVAILABLE
SPEED Y AXIS  |ACCELERATION | ACCELERATION
M/SEC (KT) [M/SEC(KT) RAD/SEC? RAD/S
o (0) 12.87(25) | ROLL +.3 1.29
-1.h47
PITCH +.165 -0.54
0.72
YAW +.125 -0.77
1.08
o (0) 112.87(-25)] RoLL +.3 1.90
-0.86
PITCH +.165 -0.55
0.71
YAW +.125 -1.26
0.59
51.4 (100) 12.87(25) | RoOLL +.2 1.09
-1.12
PITCH +.15 -0.69
1.85
YAW +.1 -1.61
-0.70
51.4 (100) p2.87(-25)] ROLL +.2 1.59
-0.62
PITCH +.15 -0.78
.77
YAW +.1 -1.97
0.33
92.6 (280)12.87(p5) | ROLL +.2 -g.;g
PITCH +.15 -1.61
3.18
YAW +.1 -2.55
0.55
92.6 (180) f2.87(-25)] ROLL +.2 1.28
-0.k6
PITCH +.15 -1.L8
3.01
YAW 4o -2.81
0.29

FIGURE 3-37.

BASELINE COMPOUND CONTROL POWER IN $25-KT CROSSWIND
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3.4.3 Low Speed Control

3.4.3.1 Flight Path Control Power

In the hover to 40 knots speed range, vertical flight control is obtained
vith collective pitch independently of attitude control power. To obtain an
incremental acceleration for height control of $.1g, 0.75 degrees of collective
pitch is required for the helicopter and 0.98 degrees for the compound. The
helicopter and compound have ample control margins remaining to obtain this
acceleration. The helicopter has +7.2 to -7.8 degrees of collective pitch
remuining, and the compound has +4.8 to -11.2 degrees.

With wheels just clear of the ground, the collective pitch required for
trim will be slightly lower than in free air, due to ground effect, but more
than enough collective pitch remains to produce an incremental acceleration of
-.10g to +.05g¢. In fact, the safety of both configurations is greatly enhanced
by the fact that they can both achieve +1.35g's vertically with the wheels Just
clear of the gound.

The longitudinal cyclic control system was designed to provide at least the
longitudinal incremental acceleration of :.15g required by Reference 2. The
capabilities of the helicopter and compound are shown in Figure 3-38 for hover
and 4O knots trim flight condition. These capabilities exceed or equal the
requirements of Reference 2 and are independent of the loss of an engine in the
low speed range.

Velocity Longitudinal Longitudinal
M/SEC (Knots) C.G. Acceleration Acecleration
Required Available
HELICOPTER
0 (0) Aft £.15 227
-.262
Fwd +.15 .332
-.157
20.6 (ko) Aft £.15 .182
-.308
Pwd +.15 .294
-.206
COMPQUND
0 (0) Aft +.15 .253
-.262
Fuwd +.15 .358
-.157
20.6 (%0) Aft +.15 .152
-.36k
Fvd +.15 .273
-.2h1

FIGURE 3-38 LONGITUDINAL ACCELERATION CAPABILITY
51



The helicopter and compound transmissions are designed to sustain a
system 1ift to gross weight (F/W) ratio of 1.05 with the loss of one engine.
Thus, both aircraft meet the level 1 requirement and exceed the level 2 require-
ment.

3.4.3.2 VTOL Approach

Controlled VTOL approach capability was investigated for a range of approach
speeds of U0 to 100 knots with a 2000 fpm rate of descent while simultaneously
decelerating along the flight path in a 25-knot cross wind. The helicopter and
compound can meet the requirement of decelerating along the flight path at .15g
up to a speed of 48 to 50 knots, respectively. Above these speeds, the stesady
state deceleration capability is decreased to about .075g at 100 knots. This
deficiency could be corrected with the addition of aerodynamic speed brakes.

With both configurations,there is ample collective pitch remaining to pro-
duce a normal acceleration of *.lg with collective pitch only in less than
.5 second. The response of rotary wing aircraft to a collective pitch input is
nearly instantareous.

3.4.4 VIPOL Control Systems Lags

The angular acceleration response of the helicopter to -3 degree longi-
tudinal step input is shown in Figure 3-39. As cen be seen, the peak accelera-
tion (pitch moment) is reached in .2 serond, thus surpassing the requirement cf
Reference 2. This is typical of the angular responses of both aircraft about
each axis fcr all speeds.

The normal load factor response of the h2licopter is shown in Figure 3-LO
for a 2-degree step collective input. The maximum normal loed factor is obtained
in .4 second, again surpassing the requirements of Reference 2. This is a typical
response for hoth aircraft.

3.4.5 Hovering and Low Speed Stability

The hover stability of the helicopter and compound is shown in Figure 3-ll
for the most critical center-of-gravity position. #3 can be seen, both aircraft
meet the level 1 requirement. The attitude, pitch rate, and velocity feedback
gains required are typicali of those used on present helicopters.

The triply redundant automatic stability auguentation system provides for

continued concurrence with the level 1 requirement even after failure of any one
control system element.

3.4.6 Tail Rotor Loss

The vertical tail surfaces on the helicopter and compound were designed for
continued flight following loss of anti-torque thrust, for the most critical
(aft) center-of-gravity position. At this condition, both aircraft have suffi-
cient directional stability to maintain level flight throughout a 20-knot speed
range at roll angles below 10 degrees and sideslip angles below 20 degrees.
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>0 HELICOPTER (B,s =.90+608+01V)
COMPOUND (B,g = 96+658+01V)
! ;
| | | . :
S HOVER R
3 \
N
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~
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3
1.0
0
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UNDAMPED NATURAL FREQUENCY, wp ~ RAD/SEC

FIGURE 3-41. SHORT PERIOD LONGITUDINAL CHARACTERISTIC ROOTS

If the tail rotor and tail rotor gearbox should separate from the aircraft,
the center of gravity will shift forward about 25% of the total range for both
aircraft. This shift in center-of-gravity would require only minimal change
in longitudinal cyclic trim because the loss of mass is offset by loss in tail
rotor lift.

It has been demonstrated in the fixed-base flight simulator that the YUH-60A
UTTAS aircraft response to a tail rotor loss is controllable by a pilot, and a
safe landing can be made. Eoth baseline aircraft will respond in siuilar fashion.

3.4.7 VTOL Take-Off and Landing

Responses to a 5-second, 15 ft/sec longitudinal and lateral gust were inves-
tigated for both baseline aircraft in a hover with the mutomatic flight control
system on. Attitude displacements were stable and tended to return to their
original trim values without pilot inputs.
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The Sikorsky CH-53E automatic flight control system was used in this study,
b only the longitudinal gains modified to those given in section 3.4.5. The
itrol system used to stabilize the aircraft will not be affected by the loss
an engine or a single-component failure in the automatic flight control
item.

.8 Cruise Stability

The helicopter and compound were designed to have positive maneuve. stabi-
'y at aft center-of-gravity without stab lity augmentation. The longitudinal
:1ic pitch per g ratio is shown in Figures 3-42 and 3-43 for the helicopter
l compound. For both aircraft, the neutral point lies behind the aft center-
gravity limit, thus exceeding the requirements of Reference 2. The large
‘izontal tails result from the center-of-gravity range of both configurations
.ng aft of the main rotor shaft. The destabilizing effect of the nac’lles
*ther increases the compound horizontsl size.

1.9 Attitude Change in Normal Operation

Trim data indicated that the fuselage deck angle of both configuret.ons
.1 not exceed 20 degree nose up or be less than -10 degrees nose down.

.10 Force Change in Normal Operation

The force changes oa the passengers due to a normal maneuver depend cn
.ot technique. As long as the aircraft are handled with smd>oth pilot control
rats, the force change tould not exceed those specified, although the pilot
| exceed those forces with the remaining control available at some trim
iditions.

t.11 Ride Qualities in Turhulence

The gust sensitivities of the two aircraft are shown in Figure 3-44 for
tir cruise altitudes and an altitude of 10,000 feet. Tue compound requires
» addition of & gust alleviation system to soften the ride. The ailerons
11 be coupled collectively to normal load fertor- The weigkt penalty for
h a system is estimated to be 4O pounds.
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GUST ALLEVIATION FACTOR An/‘ude (g/fps)
ROTOR BCDY ALTITUDE |DESIGN LIMIT)] ACTUAL
HELICOPTER .6 - kooo ft .012 .0119
10009 ft .018 .0099
COMPOUND .6 .82 1k0oo ft .0228 .0256
10000 ft .018 .0291
FIGURE 3-4k. B3BASELINE AIRCRAFT GUS. SENSITIVITY
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3.5 ZCasecliine Aircraft Noise Characteristics

3.5.1 Internal Noise - Helicopter

Figure 3-U5 presents the cabin soundproofing requirements for the baseline
helicopter in hover and cruise. It is clear that gear damping and transmission
isolation are necessary to reduce required soundproofing weight to acceptable
levels.

It is ai<o apparent from Figure 3-U5 that the requirement for TO dB PSIL
in cruise determines the soundproofing weight. To meet this requirement
soundproofing of 0.28 kg/m? (0.56 psf) is required, while only 0.25 kg/mé (0.5
psf) is required to meet 75 4B PSIL in take-off. This assumes use of the ad-
vanced technology soundproofing mate~ial discusssed in Section 2.2.1.

Figure 3-L46 indicates how souniproofing requirements are incrementally
reduced. Notice that, as Figure 3-45 shows, even though damped gears and an
isolated transmission are used, soundproofing provides the largest portion of
the noise reduction.

3.5.2 Internal Noise - Compound

The internal noise of the compound helicopter in cruise is dominated by the
noise of the auxiliary propulsors because little power is being transmitted
through the main transmission during cruise. Bare cabin levels of more than 95
dB PSIL are generated by the auxiliary propulsors while levels below 85 dB PSIL
result from the transmission (assuming damped geers end isolation). The required
soundproofing to meet the specified 7O dB PSIL in cruise was shown in Figure 3-22
for propellers and fan engines. The baseline design uses fan engines &3 auxiliary
propulscrs separated by one fan diameter from the fuselage, requiring an average
soundproofing density of 0.3k kg/m2 (0.7 psf). The soundproofing to meet 75 dB
PSIL in take-off is only 0.2 kg/m2 (0.6 psf).

3.5.3 External Noise

The 150-meter (500-foot) sideline noise for the hovering vehicles was cal-
culated using the techniques described in Reference 16, as shown in Figures 3-47
and 3-U8 for the helicopter and the compound, respectively. The helicoper
generates 93.5 PNdB at 150 meters (500 feet), while the compound produces 95.2
PNdB. The main and tail rotors dominate the spectrum on both vehicles.

Typ. cal take-off and landing pvprofiles were calculated with aid of ithe Low
Speed Dynamic Performance program, Reference 17. The results were used as input
to the V/STOL Noise Model (Reference 12) to calculate ground noise contours.
Figures 3-49 and 3-50 show the 90, 95, and 100 PNAB contours for the helicopter
and compound take-offs, and Figures 3-51 and 3-52 show the landing contours.

As expected, the compound contours are larger because of the flatter take-off
profile for this type of aircraft.

The study conducted by Munch and King and cited earlier, developed noise
criteria for the acceptance of helicopters by communities. This study roncluded
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that an Lpy (Day-Night noise level) criterion based on local ambient noise was
more meaningful than a single number criterion sucn es PNL. The LpN measure
takes account of the number of operations per day or night, the flight path,
the aircraft sound 1level, and the ambient noise level. The aircraft sound
level is specified in terms of the Single Event Noise Exvosure Level (SENEL)
in dBA. This unit is equivalent to EPNL in that it is the durstion and fre-
quency corrected dBA level.

The helicopter and compound SENEL take-off noise contours are shown in
Figure 3-53 and 3-54 and compared with the Reference 1 community acceptance
criteria in Figure 3-55. The locations shown in Figure 3-55 refer to the typical
heliport locations and operations discussed in Reference 1. The details are
shown in Figure 3-56.

3.6 Performance

The baseline helicopter and compound are decigned to operate in the 1985
commercial environment. Both aircraf* can hover out of ground effect at sea
level 90 degrees Farenheit conditions, a®‘ no more than 109% of tske-cff power
with one engine incverative. Cruise speed for the helicopter i. 89 m/sec (173
knots); for the compound it is 129 m/sec (250 knots). These speeds are achieved
at no more than maximum continuous engine power.

3.6.1 Aircraft Power Requirements and One-Engine-Inoperative Capabilities

Helicopter power required versus airspeed is shown in Figure 3-57. Low
speed performance at sea level 90 degrees and cruise performance at 1219 m
(LCOO ft) standard are given. The critical inst:lled povwer condition is the
sea level 90-degree hover out of ground effect with one engine inoperative.
This capability provides for safe recovery at any instant during a typical take-
off procedure following malfunction of one engine.

Compound baseline power required versus airspeed is presented in Figure 3-58.
The critical engine sizing condition is at the cruise speed with maximum con-
tinuous power. Again, because more than enough power is installed to allow
hover OGE at the sea level 90 degree point after loss of cone engine, a safe
recovery car be made during a typical take-off procedure following a single
engine malfunction.

The mission profiles were shown in Figure 2-3. Figures 3-59 and 3-60 show
the mission analysis output from the design model computer program.

3.6.2 Autorotation

The rotary wing VITOL offers a safety advantage over other types, beceuse
of its autorotative capability to & safe landing with short rolling distance
following total loss of power. The autorotative envelopes are shown in Figures
3-61 and 3-62. The helicopter envelope is broader, with lower roll-on speed
because of its lower disc loading, and comparativcely greeter stored rotur energy,
These envelopes would be very much brcader for the less unlikely condition in
which two of the three engines have lost power.
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3.7 Configuration Trade-Offs

3.7.1 Helicopter

In selecting the baseline helicopter, eight configuration trade-offs were
conducted. These are summarized in Figure 3-63. In all cas:s, except the
V-tail, the alternative configuration features increased the direct operating
cost and therefore were not incorporated in the baseline design.

Elastomeric Main Rotor Head

The =lastameric rotor head is currently being developed to provide a non-
lubricated head. At this time, the added weight associated with the elastomeric
bearings and retention for large numbers of blades (more than 4) overcomes the
reduced maintenance advantage in computing DOC. As the technology is developed,
this result may change.

No Rotor Head Fairing

Removal of the rotor head fairing saves weight, but adds parasite drag.
Saving in weight empty is offset by the increase in fuel.

Pusher Tail Ro*or

When reconfiguring the tail rotor to the left side of the aircraft, the
Pylon must be canted to allow for clearance. Tail rotor blockage is decreased,
but pylon area is increased to obtain the same equivalent vertical empennage
effectiveness.

V-Tail with Pusher Tail Rotor

This empennage configuration offers a small DOC advantage over the baselire,
because of reduced tail r~tor blockage and more aerodynamically efficient tail
surfaces. The baseline configuration was preferred,because of the lack of data
on a V-tail arrangement.

7- and 8-Abreast Seating

For seven- and eight-abreast seating arrangements, Federal Aviation Regu-
lations stipulate a second aisle, thereby adding further to fuselage section
width. Fuselage length is already governed by the rotor size, so the shorter
cabin offers no saving in weight. Fuselage drag is increased.

Twin Tail Rotors

Twin tail rotors were considered as a possible candidate feature to reduce
external noise., Because the thrust is shared, this ar~-ngement permits a much
lower tail rctor disc loading without large increasc in size envelope. DOC is
increased, hecause of the added weight of the drive train and tail surfaces.
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TRADE BASELINE GROSS WEIGHT DOC RATIO
_ 26371 (58137) 1.0
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k. V-TAIL, PUSHER TR UTTAS STYLE 26316 (58016) .998
S. T ABREAST SEATING, 6 ABREAST, 27052 (59639) 1.022
DUAL AISLE SINGLE AISLE
6. 9 "BREAST SEATING, 6 ABREAST, 27271 (60121) 1.029
- AISLE SINGLE AISLE
T. 45W4IN TAIL ROTORS SINGLE ROTOR 26549 (58530) 1.007
8. FAN-IN-FIN TAIL ROTOR 26820 (59110) 1.015
FIGURE 3-63. HELICOPTER CONFIGURATION TRADE-OFFS
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- 34kL0 (75926) 1.0
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ROTOR HEAD
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(CH-53E)
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6. SIMPLE WING FLAPS & 35235 (77678) 1.026
CES
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TWIN TAIL RS SINGLE rOMN _ | 35201 (T7692) 1.023
. FAN-IJ<FIN TAIL ROTOR 34590 (762L0) 1.005
10. VARTABLE TWIST * CONSTANT GEUMETRY 33976 (T4903) 0.98
N ROTOR

® REPRESENTS DEVIATION FROM STUDY GUIDELINES.

FIGURE 3-6bL.
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Fan-in-Fin

The fan-in-fin wvas evaluated to dctermine whether an anti-torque device of
smaller size, but absorbing more power, would be beneficial. For the helicopter,
in which the design hovering point is critical in sizing the installed powver,
aircraft weight and size are significantly increased. Cruice performance
advantages due to drag reduction were small compared with the effects on aircraft
size.

3.7.2_ Compound

The ten compound configuration trade-offs are summarized in Figure 3-6k.
In all cases, the features studied resulted in higher direct operating costs,
except for the variable twist main rotor, which was not included in the base-
line because it represented a deviation from study guidelines. The explana-
tions of the results of trade-offs 1, 2, 3, 4, 5. and B are similar to those
given for the helicopter. For the fan-in-fin, trade-off 3, the result is more
marginal. Hovering inefficiency serves only to increase main gearbox size,
while installed power is sized by the cruise requirement.
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Simple Wing and Simple Wing plus Spoilers

Flaps and leading-edge devices, employed on the baseline, add complexity
and veight. However, a simple wing without flaps adds significantly to vertical
drag. Also, it is necessary to spoil wing 1lift in order to load the rotor, and
SO maintain rpm, during autorotative descent. Leading-edge devices can also be
deployed to reduce vertical drag and would be designed to minimize tail buffet
from the shed vortices in forward flight.

Variable Blade Twist

High blade twist desirable for good hover performance and reduction of
hover noise signature is not beneficial in high-speed flight, because of high
blade stresses and rotor inplane drag forces. The variable twist concept would
provide in-flight adjustment to the optimum amount for each phase of the mission.
There is a significant benefit to DOC, regardless of the effect on the noise
signature. Because the concept rerresented a deviation from study groundrules,
it not included in the baseline design.

3.8 Noise Sensitivities

In order to derive the quiet and noisy members of the helicopter and com-
pound families, it was necessary to assess the change in external noise resul-
ting from design changes to the rotor system. The acoustic sensitivity of the
baseline rotor to changes in number of blades, rpm, Cp/o, disc loading, and
twict was determined parametrically. To produce meaningful results for a manage-
able number of points, the parameters -=r< varied individually around the base-
line values.

From Figures 3-05 and 3-66, it 1s obvious that tke main rotor is relatively
insensitive to changes in disc loading ar ' number of bladss. This i: so,
because for this particular rotor, the broadband component of the noise dominates
the Perceived Noise Level, and broadband noise is not sensitive to changes in
disc . ading. As long as CT/o is held constant, broadband noise does not change
with changing blade number.

The most significant parameter is tip speed. It affects both ‘he rotational
and the broadband componeat of the noise. Twist has limited effect around the
baseline design point, because it has little effect on broadband noise. A
combination of hanges of perameters such as tip speed, twist, and CT/c, must
be employed to significantly change main rotor noise.

The sensitivity of helicopter tail rotor noise is shown in Figure 3-67 and
3-68. Here the trend is somewhat different than for the mein rolor, because
the rotational component of noise dominates over the broadband. Thus, disc
loading, twist, and number of blades ia addition to tip speed are s-nsiti..
parameters, but Cqp/c is not.

Compound main rotor noise sentivities shown in Figures 3-69 and 3-70 are
‘.milar to those for the heliccpter tail rotor, because the rotational component
. aominant in this case. For this reason, twist is an especially strong para-

. -=, along with tip speed. The sensitivity of disc loading and C/c is not

‘y\{
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The compound tail rotor parametric noise study, Figures 3-71 aznd 3-72,
shows the dominance of rotationai noise for this rotor. 1t is extremely
insensitive *o Cp/o variations, but varies widely with changes ’n disc loading
twist, and tip speed.
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4.0 SENSITIVITY OF DOC TO EXTERNAL NO.LSE CLISTRAINT

L.l Technical Approsch

Sections 3.3 and 3.8 described the sensitivity of L and exterral noise
to variation in the rotor parameters around the baseline values. From thesc
two sets of results, configuration changes summarized in Figures b-1 and L-2
for the helicopter ana compound, r -pectively, were evaluatec to select -henges
in desip.: parameters thai most significantly affect r-ise -~ignatire but have
minimal effect ¢a DOC. Contributions from engines, . ,otor, and tail rotcr
ere considered.

4.1.1 Helicopter

Two epproaches were employed to achleve a 5 PNak -eduction in exterral
noise. Approach 1 required a 5 dB reduction in all contributors. Main rotor
paramecers chosen were those that primarily affect the broadband component
(tipspeed ani Cp/o). For tne tsil rotor, emphasis was on rotational noise,
\tipspeed and disc loading). 'The engil e noise reduction was accounted or at
the rate of 4.54 kilograms (10 pounds) of inlet treatment per 4B per engine,
Reference 9. Approach 2 requires a minimum reduction in main rotor noise,
while tail rotor and engine noise were reduced to a point at which neither con-
tributed significantly to the cumulative noise level.

The . dB increase in external noise was achieved by decreasing blade twist
from -16 to -10 degrees. This is contrary to the DUC versus twirt trend, in
that minimum DOC is obtained at -16 degrees, but renresents a pre-UTTAS tech-
nology a.uminum spar blade wit - decreased manufactui ng cost. It wes necessary
to derive the +5 dB aivcraft _u this artificial way, because the buseline exter-
nal noise goal was achieved with the set of rotor paraneters that nroduces
minimum DOC. Hover tipspeed was increased to 231.6 m/sec (760 fps). A reduced
forward flight tipspeed of 213.3 m/sec (70C fps) was specified in ovd - to
achieve the scme 173-knov cruise speecd as the baseline aircraft. I. wa assumed
trat thkis could be achieved through proper control of the “vee-"urbine rotational
speed.

4.1.2 Compound

she 5 4B reduction was again _tudied using the *wo-approach system lescrioed
above, Fi,ure 4-2. Because rotaticnal noise dominates, the effect on noic: of
varying Cn/c is less thea for the helicopter. The 5 dB increase was obtained
by select?ng rotor parameters for 1 imum [OC, that iz, main rctor tipspeed
increasgd to 730 fps, twist reduced tc -4 degrees, an. tail rotor tipspeed in-
~reased to 700 fps.

L .2 Results
In obtaining the quiet designs, it ras soor apparent that the Approach <
solutions caused much less degradation in DOC then thoce of Approach 1. which

were discarded. Of the Apprnach 2 scli“ions, reduction in main roter heover CT/c
from the baseline values (.C75 for the helicopter, .l fo» ti.. compound) wes

ah



-5 4B A/C +5 dB A/C
APPROACE 1 APPROACH 2
ENGIRES NOISE SIG. CHANGE -5 ¢&B -6 aB 0
MAIN ROTOR JOISE SIG. CHANGE -5 aB -3 dB +5 4B
TIPSPEED, FPS 615, 6k0, 660 660, 685, 700 760
c'r/‘ .075, .0625, .05 .075, .0625, .05 -07
TWIST, DEG -16 -16 -10
TAIL ROTOR(S) NOISE SIG. CHANGE -5 4B -9 dB +5 dB
TIPSPEED 530, 600, 680 370, Lk8C, 550 T30
DISC LOADING, PSF 17, 12, 8 17, 12, 8 7
FIGURE 4-1. HELICOPTER EXTERNAL NOISE/DOC TREKDING
-5 dB A/C +5 dB A/C
APPROACK 1 APPROACH 2
ENGINES NOISE SIG. CHANGE -5 4B -6 dB 0
MAIN ROTOR NOISE SIG. CHANGE -5 dB -3 4B +5
TIPSPEED, FPS 565, 580, 590 610, 625, 640 T30
Cplo .1, 075, .05 .1, .075, .05 J115
TWIST, DEG. -12 -12 -l
TAIL ROTOR/FAN:
(1) roTOR(S) NOISE SIG. CHANGE -5 @B -9 dB +5 4B
TIPSPEED, FPS 530, 630, 690 350, 500, 560 700
DISC LOADING, PSF 17, 12, 8 17, 12, 8 17
(2) FAR-IN-FIN NOISE SIG. CHANGE -9 dB
TIPSPEED, FPS 700
FIGURE L-2, COMPOUND EXTERNAL NOISE/DOC TRENDING
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found to cause large degradation in DOC. Also, minimum DOC was obtained at low
tail rotor disc loading and least reduction in tipspeed. At the low disc load-
ings being considered, however, the tail rotor became unacceptably large In
diameter. Therefore, the quiet helicopter solution has two tail rotors, ecach
of low disc loading, with a V-style empennage. Though this style of empennage
was discarded in favor of the inverted T for the baseline, section 3.7.1, it is
employed for the quiet helicopter because of the geometric compatibility. For
the compound, it was found during configuration trade-off studies that the fan-
in-fin offered a solution competitive with the tail rotor. The high power con-
sumption of this device in hover, though increasing drive system weight, does
not affect engine size when this is being set by the 129 m/sec (250-knot)
cruise speed requirement. Because a properly designed fan-in-fin offers a 9 dB
evternal noise reduction over a tail rotor, this device was selected for the
quiet compound design. Twenty degrees of thrust deflection, equivalent to tail
rotor cant, is achieved with adjustable doors on the downstream side of the fan.
Figures 4-3 through 4-6 show the octave spectra of the QH, NH, QC and NC designs
at 150 meters (500 feet) to the side of the aircraft. The quiet helicopter
signature is now daminated by main rotor noise, while the tail rotor component.
dominates the spectrum of the noisy helicopter. The main rotor and anti-torque
fan contribute equivalently to the quiet compound signature. The noisy com-
pound spectrum i3 controlled by the main rotor component.

Take~off and landing noise contours were calculated for the four off-design
aircraft. The results are shown in Figures 4-7 to 4-10 in terms of PKL, and
in Figures b-11 to L-14 in terms of SENEL (take-off only). The somewhat greater
enclcsed areas for the compound are due to the flatter take-off profile this
type of aircraft must employ using auxiliary propulsion, in order to avoid
negative wing 1lift and/or high vertical drag penalties. A summary of the con-
tour areas fo~ each PNL .s given in Pigure L4-15. Enclosed contour areas for
specific values of SENEL, compared to community acceptance guidelines are shown
in Figures 4-16 and L4-17. The unacceptability of the noisy designs at most
locations is in sharp contrast with the conformity to noise limits of the quiet
designs. Figure L4-~18 summarizes the study of DOC sensitivity to external noise
restraint. As noted previously, the baseline helicopter achieves the 95 PNdB
noise limit goal with rotor parameters selected to minimize DOC, i.e., any
cnange in rotor tipspeed, disc loading, blade loading, etc., whether to in-
crease or decrease noise, tends to increase DOC in the manner shown. For the
compound, because rotor iesign to achieve the noise limit goal cannot be
optimum (minimum DOC) the trend of DOC versus noise in Figure 4-18 continues
to decrease with increasir - noise level, out to the NC design point which does
represent rotor parameters selected to minimize DOC.

As suggested above, a variable twist rotor blade would significantly aid
in atteining compatibility between rotor hover performance plus low noise
requir.ments and low drag at high speed. Figure 4-19 compares a compound
enple, irg such a concept with a compound having fixed geometry blades.

Main and tail rotor parameters for the two families of related design points
are ~ompared in Figure 4.20, Figure L-21 gives summary weight statements for the
six aircraft studied. Figures 4-22 through 4-25 are three-view drawings of the
QH, RH, QC, and NC designs.
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HELICOPTER COMPOUND
Qu B WH « BC n

GROSS WEIGHT, kg (1b) 27335 (60269) | 26368 (58137) | 26584 (58612) | 36433 (80327) § 34437 (75926) | 33246 (73301)
WEIGHT EMPTY, kg (1b) 16643 (36694) | 15591 (34374) | 15571 (34771) | 24189 (53332} | 22480 (k9564) | 21567 (LT55L)
MAIE ROTOR

DIAMETER, m (ft) 28.6 (93.9) ]28.1 (g2.2) |28.2 (92.6) 27 » (90.6) | 26.9 r88.4) | 26.4 (86.7)

BLADES 7 € 6 1 6

TWIST, DEG -16 -16 =10 -12 -12 -k

HOVER TIPSPEED, mps (fps) 201 (660) f222.5 (730) f232 (760) |18 (610) | 210 (690) | 222.5 (730)

CRUISE TIPSPEED, mps (fps) 2ul  (660) 222.5 (730) 213 (700) 158 (520) 158  (s20) ] as8 (520)

Cp/, HOVER @ SL 90°F .075 075 .07 .1 By 115
ANTI-TORQUE DEVICE

TYPE ROTOR (2) ROTOR ROTOR® AR ROTOR ROTOR

IAMETER, = (ft) 6.6k (21.8) }5.55 (18.2) ]| 5.49 (18.0) | 3.1 (10.3)] 7.22 (23.7) | 6.95 (22.8)

BLADES U (each) 6 4 13 6 b

TWIST, DEC -16 -16 -10 -16 .i2 «h

HOVER TIPSPEED, mps (fps) 168 (550) {213 (700) f232 ({760) J213 (700) | 210 (690) } 213 (700)
500 FT SIPELINE NOISE, PN4B 89.0 93.5 98.5 90.6 95.2 103.8
DIRECT OPERATING COST, € 3K (¢/SM)] 2.037 (3.277)| 1.923 (3.17k)} 2.080 (3.283)] 2.175 (3.499)] 2.050 (3.299)} 1.980 (3.18<)
INITIAL Co8T, § X 10° u.126 3.948 3.832 6.032 5.673 5.418

® Main-tail rotor clearance reduced to 15.24 cm (6 inches),

FIGURE 4-20.
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4.3 Effects on Handling Qualities

The quiet and noisy helicopter and compound aircraft were designed to the
same criteria as the baseline helicopter and compound. The same fuselage
aerodynamic characteristics were used for the helicopters and compounds. In
addition, the compound wing loadings and propulsor efficiencies are the same
as those of the baseline compound. The vertical tail was designed so that
each aircraft could be flown following a loss of anti-torque thrust. The
horizontal tails were designed to provide the same level of static stability
achieved in the baseline helicopter and compound. In light of this design
approach, the helicopter and compound aircraft can be expected to have trim,
stability, and response characteristics similar to those of the baseline
aircraft.

The head moment constants of the helicopters and compounds are compared
in Figure 4-26. As can be seen, the head moment constants of the helicopters
are all nearly equal, so the quiet and noisy helicopters can be expected to
have response characteristics similar to those of the baseline with the same
control input. The head moment constants of the compound are nearly equal for
the baseline and quiet aircraft, so these two should have similar response
characteristics. The noisy compound head moment constant is approximately 23%
less than the baseline and thus would require 23% more control input about
trim point for the same level of maneuverability.
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Helicopter Head Moment Constant
M-kg/deg (FT-LB/DEG.)

Base Line 1266. (9162)

Quiet 1320. (9555)

Noisy 132L. (9578)
Compound Head Moment Constant

M-kg/deg (FP-LB/DEG.)

Base Line 1k61. (10570)
Quiet 1Lo6. (10176)
Noisy’ 1125. { 8140)

FIGURE 4-26., STUDY AIRCRAFT HEAD MOMENT CONSTARTS
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5.0 DOC TRENDING

2-1 Range

Baseline stagelength was 370 kilometers (200 nautical miles), but the
effect on DOC of varying range from 93 to Thl kilometers (50 to 40O neutical
miles) was assessed for the two baseline aircraft. For ranges less than the
baseline, fuel capacity (fuel system weight), was unaltered. For ranges greater
than the baseline, sufficient fuel system weight increase vas assessed, and
passengers were off-loaded so that the design gross weight was unaltered.
Figures 5-1 and 5-2 show results for the helicopter and compound, respectively.
As range is increased, the attraction of the compound in reducing trip time is
increased, Figure 5-3, but the higher fuel consumption rate, Figure 5-4, means
that more passengers must be off-loaded. At Tll-kilometers range (400 nautical
miles), campound payload has been reduced to T4 passengers, campared to 83 for
the helicopter. Increasing range tends to decrease DOC because the effects of
take-off, climb, descent, and land on block time are reduced. Ilowever, the off-
loading of passengers becomes the more powerful effect, so thai at Thl-kilometers
range, compound DOC has increased by 18% over the baseline value, the helicopter
by 9%. At short ranges, where higr speed is not rewarded in terms of DOC, the
helicopter is clearly more economical to operate.

2.2 Utilization

Figure 5-5 shows the effect on DOC of varying aircraft utilizatiom, for
both aireraft. Twenty-five hundred hours a year, considered the most meaningful
for this size and class of aircraft, was used to define the base DOC. DOC can
be reduced by about 9% when utilization is increased to 3500 hours per year. It
may be significant that the AIA cost formula considers utilization as a fuaction
of block time (Reference 3, Figure 1). This trend line indicates a utilization
of 3300 hours for the helicopter and 3000 hours for the compound. This suggests
a 2.7% DOC relative advantage for the slower helicopter that is not evident in
the baseline studies at fixed utilization.

5.3 Manufacturing Cost

Figures 5-6 and 5-7 show the effects on DOC of varying airframe and dynamic
system manufacturing costs. Base assumptions were $2L3/kg ($110/1b) and $176/kg
($80/1b) respectively.

5.4 Fuel Cost

Figures 5-8 and 5-9 show the effects on DOC of 100% and 200% increases in
fuel cost when each baseline aircraft is operated at a cruise speed within its
design capability. For the helicopter, it is seen that reduced speed always
degrades DOC, whatever the fuel cost in the range considered. For the compound,
if fuel cost were to rise by more than 100%, DOC would be improved by slowing
the aircraft from 129 m/sec (250 knots) to 118 m/sec (230 knots). The base
fuel cost is 3.43 cents per liter (13 cents per gallon).

105



D0.C. $/SEAT, STATUTE MILE

¢/SEAT KILOMETER

0.0.C.

4 T
|| |
T
3 \R
\\
-
2 e '
L
L
|
| , ;
| % ii
| i |
o L L
0 200 600 800 1000
RANGE , KILOMETERS
|
[ . 2 ‘ ' e '\
0 100 200 300 400 500

RANGE , NAUTICAL MILES

FIGURE 5-1. HELICOPTER DOC vs. RANGE

106



IUN ALNLVLS Lv3S/d 20a

1000

i (@]
——p—t— @
“
T
| 3
- - l+..1| - g
ettt T g Gmmmm WS et
R T
| S
— (JW m 2
: R -
! {
| _
. o
-— o
¥ILINOIN Lv3S/Y 20Q
© 0 < | ~ - o©
[ 2 q n 4 It 3

| RANGE , KILOMETERS

600

200 300 400

100

RANGE , NAUTICAL MILES

COMPOUND DOC vs. RANGE

FIGURE 5-2.

107



BLOCK FUEL,LB

)

o

BLOCK TIME , HR

a
(o]
o
o

8

5
3

:

o

30[
z
vd i
201—— HELICOPTER 11— .
//
A
1of Vg
- COMPOUND
==
o |
0 200 400 600 800
RANGE , KILOMETERS
L i 1 i 1 d
0 100 200 300 400 500

RANGE , NAUTICAL MILES

FIGURE 5-3. BLOCK TIME vs. RANGE

600C
4000} COMPOUND w/
O /
x. /j
-
g AP =
[T
52 /!
g //'//HEUCOP‘TER
T LT
°5 200 400 600 800
RANGE , KIIl.OMETERS
L i i Fl 1 )
0 00 200 300 400 500

RANGE , NAUTICAL MILES

FIGURE 5-4. BLOCK FUEL vs. RANGE

108




1.1 l
|
N 'ﬁ"‘

(=]
S o
(%}
8 " T~ -

o 1] | -

"~ 2000 2500 3000 300

UTILIZATION , HOURS

FIGURE 5-5. HELICOPTER ARD COMPOUND DOC vs. UTILIZATION

109



1.10

.08}

| DYNAMIC SYSTEM

DOC RATIO

1.02

1.00f—

.98

FIGURE 5-6.

112

.10

1.08

1.06

1.04

$/L8

J! $/KIG

100 ’ /

b
DYNAMIC SYSTEM
T ¢ne

100

HELICOPTER DOC vs. MARUFACTURING COST

/K6

1.06

20

1.04

80
180

DOC RATIO

.02

.00

FPIGURE 5-T.

— e

COMPOUND DOC vs. MANUFACTURING COST



DOC RATIO

130

1.20

Lo}

3 \ \.,0 ’ A"r
&

» Y \\\, £
\><: // /7
T _7/

/ /|

BASEL INE FUEL COSTS

FUEL 4.4¢XG (24/B)
OIL  2.7T3Y/KG (1.24818)

FIGURE 5-8. HELICOPTER DOC vs. SPEED AND FUEL COST



DOC RATIC

+.30

1.20

.10

.00

®

e

BASELINE FUEL COSTS

FUEL 4.4¢4/%G (241.8)
olL 2.7134/%G (1.2441.8)

FIGURE 5-9. COMPOUND DOC vs. SPEED AND FUEL COST

112



6.0 TECHNICAL RISK ASSESSMPNT

The technical risk of scaling up to the 100 passenger helicopter and com-
pound is considered small, as discussed in Section 2.h.1.

The following design features are considered technjical risk items:

. Transmission Isolation/Engine Interface. To limit cabin sound and
vibration levels to desired levels, the main gearbox must be isolated from the
sirframe by means of absorptive mounts. The transmission/engine interface must,
therefore, be designed to tolerate small relative deflecticns. For the com~
pound, with two of its three engines wing-mounted, the problem is less acute.
Large amounts of main rotor power are experienced only in hover and low speed
flight, and only one engine is short-coupled to the main geartox. The RSRA,
for which a transmission isolator has been designed, is expected to develop
proper design techniques to overcome this potential problem.

. Fly-By-Wire Control System. Although sn innovation for any current
production helicopter, fly-by-wire control systems are flying in experimental
fixed wing aircraft. The RSRA will have a fly-by-wire system for the pilot's
stick, so proper techniques will be learned for mechanical/electrical/mechani-
cal interfacing.

. Convertible Propulsioh System. For the compound, tHe two wing-mounted
engines can provide stresight-through shaft power to the fan propulsors and/or
power to the main gearbox by means of take—off drive shafts running to the
main gearbox. A two-speed input section to the main gearbox provides reduced
rotor tipspeed in cruise flight and eliminates the need to de-clutch the fans
in hover. Although all elements of this propulsion system are proven, some
technical risk is associated with integration of the system.

. Twin Tail Rotors(Quiet Helicopter). To reduce the component of exter-
nal noise produced by the tail rotor, disc loading must be reduced. Because
an unacceptably large, single tail rotor would result, twin devices of low
disc loading and providing half of the required thrust are required for the
QH design. Technical risk reflects the uncertain knowledge of the mutual flow
interference effects on performance, vibration, and noise signature.
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7.0 CONCLUSIONS

1. A 100-passenger cammercial helicopter can be designed for initial fabri-
cation in 1980. It conforms to a 95 PNAB external noise criterion at 150 meter
(500 foot) sideline distance with no compromise to a rotor system chosen speci-
fically to minimize DOC.

2. A 100-passenger compound is compromised in order to achieve the external
noise goal, in that blade twist must be increased, main rotor tipspeed and
hover blade loading must be decreased significantly from values selected
specifically to minimize DOC.

3. Helicopter DOC is 4% lower than that for the compound designed to the same
external noise criterion. If a variable blade twist concept can be assumed
for the campound, the two aircraft would be equivalent in DOC.

Lk, The prescribed design noise goal iz equivalent to a mean of the community
acceptance criteria for selected heliport 1ocations, based on an A-weighted
sound measuremenrt corrected for event duration and frequency.

5. The requirement for a speech interference level within the cabin no greater
than T0 4B PSIL, equivalent to current fixed wing shorthaul practice, has a
significant effect on aircraft design, necessitating transmission acoustic
isolation, cabin wall soundproofing, and in the case of the compound, careful
selection of auxiliary propulsion.

6. The predicted gross weights for the helicopter and compound 100-passenger
designs do not represent unacceptable technical risk assoclated with size.
Experience suggests that growth in weight by more than about 2.5 times the
gross weight of the previous largest aircraft of that configuration does engen-
der such risk, unless sufficient welght contingency is included to accommodate
it.

T. The rotary wing VIOL offers excellent low speed handling qualities in that
100% control power can be exercised about any axis with little or no reduction
in available control power about any orthdgonal axis.

8. The requirement for hover out of ground effect with one engine incperative
provides a power margin for safe recovery at any point during a typical take-~
off procedure following a single engine malfunction.

9. Helicopter external noise can be reduc~? by 5 dB through moderate reduction
in rotor tipspeeds and through adoption of twin low-disc-loading tail rotors,
for 4% increase in DOC.

10. Compound external noise can be reduced by 5 dB through moderat. reduction
in main rotor tipspeed and through adoption of a fan-in-fin anti-torque device,
for 6% increase in DOC.

11. For constant take-off gross weight, the baseline helicopter DOC increases
by 9% when stagelength is treuded out to ThO kilometers (40O nautical miles);
the compound by 18%. At short ranges, the helicopter is significantly more
economical to operate.
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12. Por long-bodied configurations enforced by large main rotor diameters,
6-abreast single-aisle seating is preferred over T7- or 8-sbreast dual-aisle
arrangements for the same number of passengers.

13. The helicopter satisfies the requirements for gust insensitivity at
altitudes up to 3050 meters (10,000 feet). The compound is marginal ir this
respect and may require some form of antomatic collective aileron control in
response to meesured normal accelerations.

1k. If fuel costs continue to increase, the DOC trend would indicate an advan-
tage in reducing compound cruise speed from 129 m/sec (250 knots) to 118 m/sec
(230 knots). The helicopter should maintain its design cruise speed of 89 m/sec
(173 knots) even if fuel cost should increase by 2008 over the assumed value

of 13 cents per gallon.
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8.0 RECOMMENDATIONS

1. General comparison of competitive VIOL configarations can most realistically
be achieved if timeframe is included as one of the study varisbles. It a.
recommended that the results of this and parallel studies be expanded through
additional work to include timeframe variation {rom 1975 to 1990.

2. As indicated in the ewl. .er sections of this report, compound rotor design
for low noise and good performance in hover is not compatible with the design
requirements for high sp.ed flight. An extension to this study is recommended
to relax the groundrule of constant blade geune try to include variable twist
and variable compound rotor diameter concepts. The Telescoping Rotor Aircraft
(TRAC) rotor system is currently under developwent at Sikorsky, under contract
from the U. S. Army.

3. Because of the anticipated emphasis on fuel economy during the years ahead,
it is recommended that the influence on design and operating techniques be
assessed as a function of fuel cost and availsbility.

k. It is recommended that the Advancing Blade Concept (ABC) rotor, currently
under development at Sikorsky under Army contract, should be included as a
candidate commercial VTOL Lift system in a general configuration comparison
study including timeframe as a variable.
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